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PREFACE  

CLAWAR 2018 is the twenty-first edition of International Conference series on 
Climbing and Walking Robots and the Support Technologies for Mobile 
Machines. The conference is organized by CLAWAR Association in 
collaboration with the Universidad Tecnológica de Panamá (UTP) within the 
premises of UTP, Panama City, Panama during 10 – 12 September 2018. 

CLAWAR 2018 brings new developments and associated new research 
findings in robotics technologies for shaping the future. The topics covered 
include assistive robotics for levels of augmentation to full support for elderly and 
disabled mobility, rehabilitation and function restoration; services to humans in 
industrial, public and domestic environments; new locomotion and design 
strategies to help in climbing on various terrains; navigation and localisation 
approaches, non-destructive testing and inspection strategies for industrial 
applications. 

The CLAWAR 2018 conference includes a total of 53 articles, including 
three plenary lectures, from 17 countries. This number has been arrived at through 
rigorous review of initial submissions, where each paper initially submitted has 
received on average three reviews. 

The editors would like to thank members of the International Scientific 
Committee and National Organising Committee for their efforts in reviewing the 
submitted articles, and the authors in addressing the comments and suggestions of 
the reviewers in their final submissions. It is believed that the CLAWAR 2018 
proceedings will be a valuable source of reference for research and development 
in the rapidly growing area of mobile service robotics. 

H. Montes, M. O. Tokhi, G. S. Virk, M. Armada, H. Rodríguez,  
R. Fernández, P. González de Santos, V. Sánchez and M. Silva 
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HUMANOID ROBOT:          
A REVIEW OF OUR RESEARCH WORKS 

XIE MING 

Nanyang Technological University 
50 Nanyang Avenue, Singapore 639798 

Since 1996, we have embarked into the journey of developing humanoid 
robots at Nanyang Technological University, Singapore. We have 
ventured into the various technical aspects of humanoid robot 
development. In particular, we have placed special emphasis on 
mechatronics design of humanoid robots, planning and control of biped 
walking, hand-eye coordination for humanoid robots, cognitive vision 
for humanoid robots, and cognitive speech for humanoid robots. Since 
2006, several teams in Singapore have received a substantial amount of 
research grants and have developed together two full prototypes of 
humanoid robots, which are about 1.8 meters in height and weigh about 
80 kg each. In addition, each humanoid robot has 42 degrees of freedom 
with independent actuations. In this plenary talk, I will share some 
findings and results related to the R&D works of humanoid robot in 
Singapore.  
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LOCAL AND GLOBAL ARTIFICIAL POTENTIAL

FUNCTIONS IN THE CONTROL OF MOBILE ROBOTS

K. KOZ LOWSKI∗ and W. KOWALCZYK∗

Faculty of Computing, Poznań University of Technology,
Poznań, 60-965, Poland

∗E-mail: {krzysztof.kozlowski, wojciech.kowalczyk}@put.poznan.pl

control.put.poznan.pl

The article presents overview of authors’ results concerning mobile robot con-
trol algorithms that use local artificial potential functions (APF) to avoid colli-

sions and global artificial potential functions, named also navigation functions

(NF) used to both collision avoidance and driving robot to a desired goal. All
included algorithms assume that the mobile platform is differentially driven

mobile robot with nonholonomic constraints. Effectiveness of presented meth-

ods is illustrated by simulation and experimental results. Experimental setup
used to demonstrate control algorithms is presented.

Keywords: mobile robot; collision avoidance; artificial potential function; nav-

igation function.

1. Introduction

The number of applications in which mobile robots are used to solve some

practical problems is rapidly increasing. Collision avoidance is one of the

basic problems in this kind of systems. During the task execution robot

performs motion to the goal or along the desired trajectory simultaneously

avoiding collisions.

In this paper two alternative approaches to collision avoidance are re-

viewed. The former are APFs originally proposed by1 in 1986. A large

number of methods use this approach. Its main advantages are conceptual

simplicity and ease of implementation. On the other hand this methodol-

ogy has an important limitation. If the obstacles’ areas of repulsion overlap

local minima may occur.

This problem was solved in the turn of 1980s and 1990s by Rimon and

This work is supported by statutory grant 09/93/DSPB/0811

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
© ELSEVIER
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Koditschek,2,34 They proposed NF method, called also global potential

function that guarantees that local minima will not appear. The proposed

method assumed that the robot has no nonholonomic constraints. In 2004

Urakubo proposed an extension to a two-wheeled mobile robot.5

This paper presents the overview of the control methods that use APFs

and NF to control differentially driven mobile platform. Depending on the

method the goal is to track desired trajectory or convergence to the desired

fixed position and orientation.

Section 2 presents model of the mobile robot. Section 3 introduces the

concept of APF and methods based on it. In Subsection 3.1 the linear con-

trol algorithm is described. It uses linearized model of the robot. Subsection

3.2 presents persistent excitation method. Persistent excitation block is re-

sponsible for the convergence of the position in the direction transverse to

the main axis of the robot. In Subsection 3.3 vector field orientation method

is introduced. Section 4 presents two NF control methods. In Subsection

4.1 control algorithm for sphere worlds is described. In Subsection 4.2 its

extension to more complex star worlds is presented. Section 5 describes ex-

perimental setup used to verify effectiveness of the proposed methods. In

the last Section concluding remarks are given.

2. Model of the robot

The kinematic model of the differentially-driven mobile robot is given by

the following equation:

q̇ = B̃u =

 cos θ 0

sin θ 0

0 1

u (1)

where x, y, θ are position and orientation coordinates of the robot with

respect to a global, fixed coordinate frame; v - linear control velocity, ω -

angular control velocity.

3. APF methods

Collision avoidance behavior is based on the artificial potential functions

(APF). This concept originally was proposed in.1 All robots are surrounded

by APFs that raise to infinity near objects border rj (j = 1, ...,M , M -

number of the obstacles) and decreases to zero at some distanceRj ,Rj > rj .
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One can introduce the following function:6

Baj(lj) =


0 for lj < rj

e
lj−rj
lj−Rj for rj ≤ lj < Rj

0 for lj ≥ Rj

, (2)

that gives output Baj(lj) ∈ 〈0, 1). Euclidean distance between the robot

and the j-th obstacle is as follows: lj =
∥∥[xj yj ]

> − [x y]>
∥∥. Note that for

lj < rj an arbitrary value of the function Baj(lj) can be set assuming that

the robot does not get into this area. In the presented algorithms this is

guaranteed.

Scaling function (2) within the range 〈0,∞) can be obtained as follows:

Vaj(lj) =
Baj(lj)

1−Baj(lj)
, (3)

that is used later to avoid collisions. Note that Vaj(lj) and its spatial deriva-

tives are bounded for lj > rj .

3.1. Linear control method

In this section trajectory tracking controller proposed in7 is extended by

collision avoidance behavior.

The goal of the control is to drive the formation along the desired trajec-

tory avoiding collisions with the static obstacles. The assumption is made

that the planner generates desired trajectory that does not intersects APFs

of the obstacles. Trajectory tracking is equivalent to bringing the following

quantities to zero:

px = xd − x
py = yd − y
pθ = θd − θ,

(4)

where xd and yd are desired position coordinates and θd is desired orienta-

tion. The system error expressed with respect to the coordinate frame fixed

to the robot is described below: exey
eθ

 =

 cos(θ) sin(θ) 0

− sin(θ) cos(θ) 0

0 0 1

pxpy
pθ

 . (5)

Using above equations and nonholonomic constraint ẏ cos(θ)−ẋ sin(θ) =
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0 the error dynamics is as follows:

ėx = eyω − v + vd cos eθ
ėy = −exω + vd sin eθ

ėθ = ωd − ω
. (6)

One can introduce the position correction variables that consist of po-

sition errors and collision avoidance terms:

Px = px −
∑M
j=1

∂Vaj
∂x

Py = py −
∑M
j=1

∂Vaj
∂y

. (7)

Vaj depends on x and y according to equation (3). The correction variables

can be transformed to the local coordinate frame fixed in the mass center

of the robot:

ExEy
eθ

 =

 cos(θ) sin(θ) 0

− sin(θ) cos(θ) 0

0 0 1

PxPy
pθ

 . (8)

Above equation can be transformed to the following form:8[
∂Vaj
∂ex
∂Vaj
∂ey

]
=

[
− cos θ − sin θ

sin θ − cos θ

][ ∂Vaj
∂x
∂Vaj
∂y

]
. (9)

Finally, correction variables expressed with respect to the local coordinate

frame are as follows:

Ex = ex +
∑M
j=1

∂Vaj
∂ex

Ey = ey +
∑M
j=1

∂Vaj
∂ey

. (10)

For lj > Rj components of the gradient of the APF vanish:
∂Vaj
∂ex

= 0 and
∂Vaj
∂ey

= 0. It leads to the conclusion that in this case Ex = ex and Ey = ey.

The algorithm presented in7 extended by the collision avoidance func-

tionality is as follows:

v = vd + k1Ex
ω = ωd + k2sign(vr)Ey + k3eθ

. (11)

Substituting (11) into (6) one can express error dynamics as follows:

ėx = eyω − k1Ex + vd(cos eθ − 1)

ėy = −exω + vd sin eθ
ėθ = −k2sign(vr)Ey − k3eθ

. (12)
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When the robot detects the obstacle its reference trajectory is temporarily

frozen, reference signals: vd and ωd are set to zero. The tracking process

is temporarily suspended because collision avoidance has a higher priority.

Once the robot is outside the collision detection region, it updates the

reference to the new values.

Error dynamics for vd = 0 and ωd = 0 becomes:

ėx = k3eyeθ − k1Ex
ėy = −k3eθex
ėθ = −k3eθ

. (13)

Fig. 1 shows path of the robot in xy-plane. Time graph of position

and orientation error is presented in Fig. 2. Notice that despite of the fact

that the algorithm is based on the linearization (first Lyapunov method)

it ensures quick convergence even if the initial position is far from the

equilibrium point.
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Fig. 1. Path of the robot in xy-plane (simulation results)

3.2. Control with persistent excitation

In this subsection the trajectory tracking control algorithm proposed in9 is

extended by collision avoidance. Equations (4) - (10) introduced in Section

3.1 remain in force in further computations.

Following reference9 control signals of the robot in the case of collision
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Fig. 2. Robot position and orientation errors (simulation results)

avoidance are proposed as follows:

v = vd + c2Ex
ω = ωd + h(t, Ey) + c1eθ

(14)

where h(t, Ey) is bounded, depends linearly on Ey, and continuously differ-

entiable function. It must be properly chosen to ensure persistent excitation

of the reference angular velocity.10

Substituting Eq. (14) into Eq. (6) one can express error dynamics as

follows:

ėx = eyω − c2Ex + vd(cos eθ − 1)

ėy = −exω + vd sin eθ
ėθ = −h(t, Ey)− c1eθ

. (15)

When the robot is in the interaction area its reference trajectory is tem-

porarily frozen, reference signals: vd and ωd are set to zero.

Error dynamics become:

ėx = h(t, Ey)ey + c1eyeθ − c2Ex
ėy = −h(t, Ey)ex − c1eθex
ėθ = −h(t, Ey)− c1eθ

. (16)

Fig. 3 presents path of the robot in xy-plane. Time graph of position

and orientation errors is shown in Fig. 4.

3.3. Vector-Field-Orientation method

This subsection presents VFO trajectory tracking control algorithm11 ex-

tended by the collision avoidance behavior.12
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Fig. 3. Path of the robot in xy-plane (simulation results)
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Fig. 4. Robot position and orientation errors (simulation results)

One can introduce the convergence vector:

h =

hxhy
hθ

 =

kpPx + ẋd
kpPy + ẏd
kθea + θ̇a

 , (17)

where kp, kθ > 0 are control gains of position and orientation errors, re-

spectively; Px, Py are correction variables given by Eq. (4), ea = θa − θ
is auxiliary orientation error. Auxiliary orientation variable θa is defined

as follows: θa = atan2c(hy, hx) (atan2c(·, ·)11 is continuous version of the
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function Atan(·)). Proposed control law for the robot are the following:

uv = hx cos θ + hy sin θ

uω = hθ
. (18)

The following assumptions are imposed.

Assumption 3.1. Desired trajectories do not intersect APF areas of ob-

stacles and robots do not interact when tracking is executed perfectly.

Assumption 3.2. If robot position is in the repel area then reference tra-

jectory is frozen:

qd(t) = qd(t
−), (19)

where t− is the time value before robot gets to the repel area. Higher deriva-

tives of qd(t) are kept zero until robot leaves the repel area.13

Assumption 3.3. When ea ∈ (π2 + πd− δ, π2 + πd+ δ), where δ is a small

positive value, d = 0,±1,±2, ..., then auxiliary orientation variable θa is

replaced by θ̃a = θa + sgn
(
ea −

(
π
2 + πd

))
ε, where ε is a small value that

fulfills condition ε > 0 and sgn(·) denotes the signum function.

Assumption 3.4. When robot reaches a saddle point reference trajectory

is disturbed to drive robot out of local equilibrium point. In the saddle point

the following condition is fulfilled:

‖h∗‖ = 0, (20)

where h∗ =
[
hx hy

]T
. In this case θa(t) is frozen: θa(t) = θa(t−).

Fig. 5 presents path of the robot in xy-plane.

4. NF methods

In the turn of 1980s and 1990s Rimon and Koditschek presented concept of

the navigation function. At first a sphere world version was introduced2 that

assumes that the obstacles are bounded with spheres in three dimensional

space or with circles in planar case. Then the method was expanded to

more complex environments,34 All these algorithms assumed a point-like

robot without constraints.

In 2004 Urakubo5 expanded the method introducing navigation function

that takes into account nonholonomic constraints of the mobile robot. In

his method the orientation of the robot can reach desired value just as both

position coordinates. Convergence proof was included in the paper.
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Fig. 5. Path of the robot in xy-plane (simulation results)

In the papers,14,1516 navigation function was used to control multiple

mobile robots. Authors of these publications adress the problem of colli-

sion avoidance in multiagent robotic systems. In the first of the mentioned

papers extension of the navigation function called multi-robot navigation

functions (MRNFs) was applied. Second and third of these papers propose

the use of prioritization to solve conflicts in case of concurrent goals of the

agents. Examples of navigation function used for collision avoidance in 3D

space were presented among others in work17 and.16
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Fig. 6. Path of the robot in xy-plane (experimental results)
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Fig. 7. Time graphs of x, y, θ variables (experimental results)

4.1. NF for sphere worlds

The control algorithm requires the robot task space to be bounded by a

circle. It is the obstacle number zero described by the following obstacle

function:4

β0 , ρ20 − ||r − p0||2, (21)

where ρ0 is the radius of the task space, r = [x y]> is the current position

of the robot and p0 is the center of the task space. The controller design

assumes the obstacles to be circular-shaped objects of radii ρi (i = 1, ..., N ,

N being the number of obstacles) with their centers located at positions pi.

The definition of repelling potential function for i-th obstacle is:

βi , ||r − pi||2 − ρ2i . (22)

Given an environment with N obstacles and a task of stabilizing the

robot in its origin the total navigation potential is defined as:

V ,
C

(Cκ + β)
1
κ

, (23)

where κ is a positive, constant design parameter and

C , ||r||2 + θ2
kw

kw + ||r||2
. (24)

Symbol kw in (24) denotes a positive, constant design parameter that allows

to tune the influence of the orientation term on the navigation function de-

pending on the Euclidean distance to the goal. The aggregation of repelling
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potentials happens in term β which is defined as:

β ,
N∏
i=0

βi. (25)

One must note that the iteration starts from zero, which means the inclusion

of task space boundary potential.

The control algorithm proposed in work18 is defined as:

u , −
{
a

[
1 0

0 1

]
+ b

[
0 1

−1 0

]}
B̃>∇V, (26)

where a is a positive, constant design parameter and

b , −b̄L
>∇V
h(g)

. (27)

Symbol b̄ in (27) denotes another positive, constant design parameter and

L> , [sin θ − cos θ 0]. Function h(g) is defined as:

h(g) , g2 + ε
√
g, (28)

where g , ||B̃>∇V || and ε is a small positive constant. Finally, ∇V de-

notes the gradient of the navigation function with respect to variables x, y

and θ. Regardless of number of obstacles, the gradient can be obtained in

analytical form as:

∇V =
∇C(Cκ + β)

1
κ − C

κ (Cκ + β)(
1
κ−1)(κCκ−1∇C +∇β)

(Cκ + β)(
2
κ )

, (29)

where

∇C =


∂C
∂x

∂C
∂y

∂C
∂θ

 =


2x(1− kwθ

2

(kw+||r||2)2 )

2y(1− kwθ
2

(kw+||r||2)2 )

2θ kw
kw+||r||2

 (30)

and

∇β =
N∑
i=0

∂βi∂q
N∏

j=0,j 6=i

βj

 . (31)

As noted in4 all the undesired local minima of navigation function (23)

disappear as the parameter κ increases. An algorithm for automatically

tuning analytic navigation functions for sphere worlds was presented in.19
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The tuning parameter must satisfy a lower bound to ensure convergence to

the desired value. In this paper navigation functions have been manually

tuned to assure convergence. For the sufficiently high value of the κ pa-

rameter navigation function (23) has a critical point associated with each

isolated obstacle, the saddle point. V has no other critical point other than

these points. Saddle points are unstable equilibrium points. In18 special con-

trol procedure for saddle point avoidance is described. It uses time varying

function to push the robot away from the unstable equilibrium point.

4.2. NF for star worlds

NF algorithm for the star world is an extension of the method described in

subsection 4.1. In this approach the position of the robot is transformed to

auxiliary sphere world:

r̂ =

(
1−

M∑
i=1

si(r)

)
r +

M∑
i=1

si(r)Ti(r) (32)

where

si(r) =
||r||2

∏M
j=1,j 6=i βj(r)

||r||2
∏M
j=1,j 6=i βj(r) + λsβi(r)

(33)

and

Ti(r) =
ρi(1 + βi(r))

||r − qi||
(r − qi) + pi, (34)

T0(r) =
ρ0(1− βi(r))
||r − qi||

(r − qi) + pi. (35)

In the above equations p0 and pi are centers of the spheres to which original

obstacles are transformed, ρ0 and ρi are their radii (they should fall entirely

in their original star obstacles), q0 and qi are are centers of the stars (points

from which all the rays cross the boundary of the obstacle once and only

once), β0 and βi are star obstacle functions.

Navigation function is given by the following equation:

V ,
Ĉ

(Ĉκ + β̂)
1
κ

, (36)

where

Ĉ , ||r̂||2 + θ2
kw

kw + ||r̂||2
(37)
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and

β̂0 , ρ20 − ||r̂ − p0||2, (38)

β̂i , ||r̂ − pi||2 − ρ2i . (39)

The form of the control law does not change in comparison to the sphere

world algorithm (26).

Fig. 8 presents intersection of the potential field for θ = 0. In Fig. 9 path

of the robot is shown. Fig. 10 presents time graphs of the robot coordinates.

Fig. 8. Intersection of the potential field for θ = 0 (notice that NF is a function of three

variables: x, y and θ; it can not be shown on a flat drawing)

5. Experimental setup

The mobile platform that was used in the presented experiments is the dif-

ferentially driven MTracker robot. It wast designed at Poznan University

of Technology, Institute of Automation and Robotics. It is controlled by a

two-level hardware controller: the low-level motion controller uses the signal

processor TMS320F28335 150MHz and the high-level one is a single-core

Intel Atom 1.2GHz board, equipped with WiFi radio used for remote man-

agement, task setting and communication with the external localization

system. Depending on the requirements the high-level controller works un-

der the Linux Ubuntu or Windows XP operating systems. The MTracker

robot is a small platform: its diameter is 0.14m, its height is 0.13m, its
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Fig. 9. Path of the robot in xy-plane (solid line - experimental data, dashed line -

numerical simulation) (experimental results)

Fig. 10. Time graphs of error variables (experimental results)

weight is 1.4kg and its wheels have a diameter of 0.05m. The on-board

power supply is LiIo 3.7Ah battery that allows two hour active operation.

During the test the robot is localized by the OptiTrack motion cap-

ture system. On the top of the robot four infra-red reflecting markers were

mounted.

Wheel velocity control signals were scaled down when their value(s) ex-

ceeded the limit. This limit was set to 12rd/s, while the physical limitation

of actuators is 24rd/s. The lower value of the limit prevented robot wheels

from longitudinal slip. The obstacles were known a priori to prevent the
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Fig. 11. MTracker robot (Poznan University of Technology)

influence of measurement inaccuracies on the experimental results.

A special scaling procedure is applied to the wheel controls. The desired

wheel velocities are scaled down when at least one of the wheels exceeds the

assumed limitation. The scaled control signal ~us is calculated as follows:

~us = s~u, (40)

where

s =

{
ωmax
ωo

if ωo > ωmax

1 otherwise
, (41)

and

ωo = max{|ωr|, |ωl|}, (42)

where ωr, ωl denote right and left wheel angular velocity, ωmax is the pre-

defined maximal allowed angular velocity for each wheel. This scaling pro-

cedure preserves the direction of motion of the mobile platform.

6. Conclusion

In this article the overview of the control methods that use APFs and NFs

is presented. Effectiveness of presented methods was illustrated by simula-

tion results and experiments conducted using MTracker differentially-driven

mobile robot. Description of the experimental setup was included.
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The control of complex dynamic systems, both in their behaviour and in their 
mission, goes through the implementation of multi-loop control architectures 
based on information about the system internal state and from the environment, 
as well as on the mission plan state. This results in systems that are becoming 
increasingly autonomous, for which requirements in terms of safety and 
reliability, as well as expected performance, are increasingly high. Research 
works developed at ONERA in the field of control for autonomous systems cover 
all levels of the control architectures, which are basically structured with respect 
to temporal aspects, as well as the level of abstraction that they entail for the 
system dynamic. 

We will consider them in presentation by increasing level. We will discuss 
the advances achieved recently in the robust control techniques of uncertain 
dynamic systems generally implemented at the lower control level and we will 
discuss their extensions to consider input and output constraints, as well as the 
hybrid nature of most of the systems considered. To design "task" level control 
primitives that take place just above the previous control loops, we will introduce 
sensor-based robust and non-linear control techniques. These are based on 
information on the environment extracted from exteroceptive sensors, to estimate 
their state and to adapt system behaviour to uncertainties and perturbations. Multi-
sensor and/or multi-objective controls will be discussed in this particular context. 

We will also present several recent results in the field of trajectory tracking 
based on visual navigation techniques in complex environments, which combine 
objectives and constraints within the same control architecture. We will discuss 
how model predictive control (MPC) techniques and advanced optimization 
techniques can be used for solving the resulting control problems. In addition, we 
will discuss several ongoing developments of these methods by exploiting 
distributed model predictive control techniques (DMPC) and predictive control of 
hybrid systems. Finally, integration with the control architectures at the upper 



 

level of reactive, predictive and distributed planning capabilities will be proposed 
to accommodate time constraints and uncertainties in decision.  
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The present paper introduces a novel portable leg rehabilitation system (PLRS) that is 
developed to provide the user with the necessary rehabilitation exercises for both the knee 
and ankle in addition to the portability feature to overcome the hardships associated with 
both effort and cost of hospitals and rehabilitation clinics’ steady sessions. Prior realizing 
the actual prototype, the proposed configuration was visualized using SolidWorks 
including its main components. Aiming to control the developed system, and given the 
fact that tuning controller parameters is not an easy task, Hybrid Spiral-Dynamics 
Bacteria-Chemotaxis (HSDBC) algorithm has been applied on the proposed control 
strategy in order to obtain a satisfactory performance. The obtained system performance 
was satisfactory in terms of desired elevation and settling time. 

 

1. Introduction 
 
Assistive robotic technology for rehabilitation has been and still remains a major 
field of interest for tremendous amount of research studies over the past years. 
Rehabilitation devices can be divided into five different categories: stationary 
gait trainers, treadmill gait trainers, ankle rehabilitation devices, over-ground 
gait trainers, and foot-plate-based gait trainers [1]. Focusing on lower-limb 
rehabilitation systems, considerable amount of studies have been conducted in 
this area. Starting with Hwang and Jeon [2], their research focused on 
developing a wheelchair integrated lower limb exercise/rehabilitation system. 
The system consists of a wheelchair, a body lifter, and a lower-limb 
exoskeleton. The research studies carried out by Banala et al. [3], Agrawal et al. 
[4] and Banala et al. [5] aimed gradually to design a gravity-balancing 
exoskeleton with the name ALEX. As for Monaco et al. [6], their study 
presented a stationary gait trainer (NEUROBike) for bedridden patients that 
provides them with neuro-rehabilitative treatments. On the other hand, and by 
utilizing MATLAB®/Simulink software, Zhang and Li [7] proposed a lower-
limb rehabilitation mechanism with 4-degrees of freedom. Given the fact that 
these lower-limb rehabilitation devices must consider the user’s physical and 
health conditions, they require a proper control in order to provide smooth and 
comfortable operation of the leg movement. Focusing on controlling the cyclical 
leg movements of paraplegic subjects, Spek et al. [8] developed a control 
scheme that combines both neural network and fuzzy logic. As for Aguirre-
Ollinger et al. [9], their study focused on developing an inertia compensation-
based control scheme for a one degree of freedom exoskeleton that assists 
patients with lower-limb disabilities.  Tuning controllers is a difficult problem 
that remains a field of interest in multiple disciplines. This interest drove 
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researcher worldwide to provide solutions and techniques for optimizing 
controller parameters. In nowadays research aspects, bio-inspired and nature-
inspired optimization algorithms are significantly gaining attention. Some of 
these algorithms include genetic algorithm (GA) [10], bacterial foraging 
optimization algorithm (BFO) [11], spiral dynamics algorithm (SDA) [12], and 
Hybrid Spiral-Dynamics Bacteria-Chemotaxis (HSDBC) algorithm [13] that 
represents a fusion between the latter two algorithms.  Although the field of 
lower-limb rehabilitation devices has been provided a lot of interest, up to the 
authors’ knowledge no research addressed the portability feature in developing 
an affordable portable lower-limb rehabilitation device that gives the user the 
flexibility needed in performing rehabilitation exercises. In this paper, the 
authors aim at developing a novel portable leg rehabilitation system (PLRS) that 
provides the user with the necessary extension/flexion exercises for both the 
knee and ankle in addition to the portability feature to overcome the hardships 
associated with both effort and cost of hospitals and rehabilitation clinics’ steady 
sessions. The presented work in this paper is arranged as follows: Section I 
presents an overview of contributions in the field of lower-limb rehabilitation 
systems along with their control methods and the potential of optimization 
algorithms. In Section II, the proposed portable leg rehabilitation system (PLRS) 
is presented, starting with its concept schematics, moving to the SolidWorks 
design, and ending with the actual prototype. Section III focuses on the process 
of estimating the prototype’s transfer functions by utilizing System 
Identification (SI). The design of the control approach including the 
implementation of HSDBC optimization algorithm is covered in Section IV. 
Finally, and by highlighting the research findings, the paper is concluded in 
Section V. 
 
2. Portable Leg Rehabilitation System Description and Design Details 

2.1. System Description 

Fig. 1 illustrates the developed portable leg rehabilitation system (PLRS) 
schematics diagram. The proposed two degrees of freedom system consists of 
two movable links (r1 and r2) connected with two revolute joints.  

 
Figure 1.  Schematics diagram of the proposed PLRS 
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By applying a lifting torque at each joint, the system has the capability to 

carry out three different rehabilitation exercises by lifting the targeted link to a 
desired position (θ) (i.e. calf exercise (θ1), foot exercise (θ2), both calf and foot 
exercises (θ1 and θ2)).  

2.2. Design Details 

Taking into account the targeted portability feature, and based on the schematics 
illustrated in Fig. 1, a SolidWorks conceptual design of the PLRS is 
demonstrated in Fig. 2. The proposed design main components are calf and foot 
carriers, thigh covers, and thigh and seat bases. The grooves in both seat and 
thigh bases simplifies the device adjustments based on the user’s requirement. 
Fig. 3 represents the realized design of the portable device. The system’s chassis 
was manufactured from aluminum to provide a lightweight structure. Two 
motors are mounted at each joint in order to provide the necessary lifting torque 
on the calf and foot carriers. These motors are controlled using the circuit shown 
in Fig.4. The potentiometer’s produced analog signal is responsible for 
controlling the motor’s speed and orientation. Given that the speed control’s 
analog voltage range is within 0-5 volts DC, three voltage values are considered, 
3.1V (lifting), 2.5 V (zero speed), and 1.9V (descending). 

 

Figure 2.  PLRS SolidWorks design Figure 3.  The developed PLRS. 

 

Figure 4.  PLRS motor control circuit 
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3. System Identification (SI) 

3.1. Overview of SI 

By utilizing measurements of the device’s input and output signals, SI is 
considered a powerful approach for deriving mathematical representations of 
dynamic systems. A graphical user interface (GUI) developed by Matlab (Fig. 5) 
allows the user to simply estimate the system’s model by inserting the measured 
data and adjusting certain parameters until the estimated result becomes closer 
to the measured output signal. In this part of the study, the PLRS’s transfer 
functions estimation will be carried out based on measured input and output 
signals extracted from the built experimental setup (Fig. 3). 

3.2. Estimation of Calf and Foot Transfer Functions 

The prototype’s system identification process is divided into three major parts: 
analog input measurements, analog output measurements, and transfer function 
estimation. For this system, the variation in voltage from the potentiometer is 
considered as an analog input. The system’s outputs are both calf and foot 
orientations. These orientations are measured using a position sensor and its 
output is processed using Humosoft MF624 data acquisition card connected to 
Matlab/Simulink environment.  

 
 

Figure 5.  Matlab’s SI toolbox GUI Figure 6.  PLRS rehabilitation exercises 

Two rehabilitation exercises are considered and are shown in Fig. 6: calf 
exercise only (θ1) and foot exercise only (θ2). The system considered to orient 
the calf by 90 degrees (1 = 90o) and the foot by 30 degrees (2 = 30o). Referring 
to Fig. 7, which represents the calf and foot orientation’s measured output, the 
rehabilitation process is split into three major stages: (1) extension, (2) stability, 
and (3) flexion. For the calf movement, the actual prototype’s maximum 
measured position was approximately 86 degrees (1 = 86o) and it takes around 
12 seconds to reach this position. As for the foot, the maximum measured 
angular orientation was approximately 32 degrees (1 = 32o) and the system 
takes approximately 5 seconds to reach this desired position. These measured 
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outputs and the potentiometer’s input are considered as inputs to the Matlab’s SI 
toolbox. In order to estimate the system’s appropriate transfer functions, the 
desired number of poles and zeros are also fed into the toolbox. Two 
combinations of poles and zeros are considered in order to acquire the best fit 
from the measured date. A comparison between the measured outputs and the 
two estimated models for both calf and foot is illustrated in Fig. 8. 

 

 
(a) Calf exercise 

 

 

 (b) Foot exercise. 
 

Figure 7.  Measured outputs of calf and foot’s orientation. 
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(a) Calf exercise 
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(b) Foot exercise 

Figure 8.  Measured and estimated model output for calf and foot 

 

Starting with the calf, the combination of two poles and one zero provides 
better fitting (90.28%) compared to the estimation with the combination of four 
poles and two zeros (89.89%).  As for the foot, on the other hand, the four poles-
two zeros model gives better fitting (92.75%) in comparison with the 
combination of two poles and one zero (88.87%). Based on that, the estimated 
transfer functions for the calf and foot are represented as the following: 
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4. Control System Design 
For the purpose of obtaining a satisfactory response for the system’s transfer 
functions, this section focuses on proposing a proper control approach by 
implementing Hybrid Spiral-Dynamics Bacteria-Chemotaxis (HSDBC) 
algorithm, which is a recently developed optimization algorithm that combines 
both bacterial foraging and spiral dynamics algorithms. The HSDBC 
optimization algorithm’s main parameters and flowchart are shown in Table 1 
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and Fig 9. Additional information can be found in [13]. Fig. 10 demonstrates the 
designed HSDBC-optimized PID control approach for controlling the calf and 
foot’s angular orientation. The optimization process was constrained within 
specific boundary limits and the performance index has been selected based on 
the minimum mean squared error (MSE). For each control loop shown in Fig. 
10, the MSE can be calculated using the following equations:   
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Based on the total MSE, the PLRS’s total objective function can be 

calculated using the following mathematical representation:  





J

i 1

)iFunction  Objective(J                                   (5) 

 
 

Table 1. Parameters Associated with HSDBC Optimization Algorithm [13] 
Parameter Description 

 i,j Bacteria angular displacement on xi - xj plane around the origin 

R Spiral radius 

m Number of search points 

kmax Maximum iteration number 

Ns Maximum number of swim 

xi(k) Bacteria position 

Rn n x n matrix 
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Figure 9.  HSDBC algorithm flowchart 
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Figure 10.  PLRS control scheme. 

4.1. Simulation Results 
Table 2 lists the calculated optimized controller gain parameters. Fig. 11 
illustrates the system response and Table 3 summarizes the performance of the 
system for both calf and foot using the proposed control scheme. As can be seen, 
the system reach the desired orientation for both calf and foot. Starting with the 
results associated with the calf, and with no observable overshoot, the system 
managed to reach the desired elevation (1 = 89.9094o) and it takes around 12 
seconds to settle. Moving to the foot’s simulation results, the system settles at an 
angle of 30.017 degrees, which is approximately 0.056% greater than the foot’s 
required orientation. The system’s response, with an overshoot of approximately 
0.53%, takes approximately 6 seconds to stabilize. 

 

Table 2. HSDBC-PID Controller Gain Parameters 

 
Gain 

Parameter HSDBC-PID 

C
al

f 
(

1)
 Kp1 0.401 

Ki1 0.010 

Kd1 1.398 

F
oo

t 
(

2)
 Kp2 3.012 

Ki2 0.010 

Kd2 5.103 
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(a) Calf system response. 

 

(b) Foot system response  
 

Figure 11.  Calf and foot system response using HSDBC-PID controller. 

Table 3. System Performance Characteristics 

Variable  Parameters Values Variable  Parameters Values 

1  

Rise Time  
Settling Time  
Settling, Min 
Settling, Max 
Overshoot 
Undershoot 
Peak 
Peak Time 

7.8159 
12.3080 
80.9262 
89.9094 
0 
0 
89.9094 
100.000 

2  

Rise Time  
Settling Time  
Settling, Min 
Settling, Max 
Overshoot 
Undershoot 
Peak 
Peak Time 

3.5904 
6.0497 
26.8766 
30.0177 
0.5393558 
0 
30.0177 
12.5039 

 
 

5. Conclusion 
Aiming to provide an affordable portable lower-limb rehabilitation device that 
gives the user the flexibility needed in performing rehabilitation exercises, this 
paper presents a novel portable leg rehabilitation system (PLRS) that provides 
the user with the necessary extension/flexion exercises for both the knee and 
ankle. The portability feature provided by the device will overcome the 
hardships associated with both effort and cost of hospitals and rehabilitation 
clinics’ steady sessions. Before actualizing the PLRS, the proposed system has 
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been described and designed using SolidWorks. The experimental setup has 
been built for the purpose of estimating its transfer functions using system 
identification toolbox. For controlling the developed system’s transfer functions, 
HSDBC optimization technique has been implemented on a proposed PID 
control scheme. Using the proposed control approach, the obtained system 
performance was satisfactory except for the very small overshoot that the system 
experienced for the foot movement. Future considerations of this work will 
include design improvements and developing a mathematical model based on 
the PLRS’s schematics and compare its results with the actual prototype’s 
estimated transfer functions. Future work will consider also implementing other 
optimization techniques (i.e. bacterial forging (BF), genetic algorithm (GA), 
spiral dynamics (SD)) and compare between them in order to improve the 
performance of the system. 
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The autonomous mobility for visually impaired people has been an issue in where several 
researchers have contributed with proposals in order to solve it. However, there is a lot of 
work to carry out in the cities in where this kind of technology has been applied, but also 
in other cities or town where this or other technology not has arrived yet. In this work two 
different ICT-based systems have been described, which provide helps in the mobility of 
visually impaired people in the public transport in Panama. One of them consists of the 
development of new applications for Android-based smartphones, and the second system 
is based on the development of RF modules into the ISM radio band. These prototypes are 
used by the visually impaired people and by the bus driver, and one of them is installed at 
the bus stop. 

Keywords: Visually impaired people; autonomous mobility; RF modules; Android-based 
applications; public transportation system. 

1.   Introduction 

Visual impairment can limit people’s ability to perform everyday tasks and can 
affect their quality of life and ability to interact with the surrounding world [1]. In 
addition, blindness, the most severe form of visual impairment, can reduce 
people’s ability to perform daily tasks, and move about unaided. Good quality 
rehabilitation allows people with different degrees of visual impairment to fully 
profit from life, achieve their goals and be active and productive in today’s society 
[1]. However, in a parallel effort, it is possible to use the technology to support 
the mobility of these people at indoor and outdoor locations. 

                                                           
* This work is supported by grant 109-2015-4-FID14-073 (MOVIDIS project) of the SENACYT of 

Panama. 
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The World Health Organization (WHO) in the Fact Sheet Updated October 
2017 establishes that they count with a global action plan 2014-2019, approved 
by the World Health Assembly in 2013, with the aim of achieving a measurable 
reduction of 25% of avoidable visual impairments by 2019 [2]. However, this 
declaration asserts there is a problem and must be attended. 

In [2] is estimated the following: (i) 253 million people live with vision 
impairment: 36 million are blind and 217 million have moderate to severe vision 
impairment, (ii) over 80% of all vision impairment can be prevented or cured. 
However, most people visually impaired live in low-income settings. 

In order to support or help in the mobility of people with visual disability (in 
several environments), some research groups have carried out different proposals 
based on technology, e.g., the typical canes with an ultrasound system, laser, or 
any other similar technology, which informs the user if an obstacle has been 
detected by means of different types of signs. However, these systems have had 
few followers, since they frequently required training for the visually impaired 
people (ViIP) and, besides, they forced to keep more attention on the signals of 
the device than on the user's own perception of the route they were taking [3]. 

As mentioned above, there are several works and lines of research based on 
ICT that are being developed in various universities and research centers, to 
provide aids in the mobility and orientation of the ViIP. Some works of interest 
can be reviewed in [4-10]. These works include mobility in public passenger 
transport, the use of the smartphones, other electronic mobile devices. All of them 
are currently under development. 

In this article, a new design of a dual system to support the mobility of 
visually impaired people in public transport system in Panama is described. The 
dual system consists of a low-cost RF system and new applications for 
smartphone Android-based. In both systems, the main goal is to provide aids 
based on ICT for that the visually impaired people, in an autonomous way, are 
able to use the public transport system in Panamá [11-13]. 

The rest of the article is organised as follow: in Section 2 is described the 
design of both systems, the apps, and the RF sub-system. Afterward, Section 3 
presents some technical evaluations of the system. Finally, conclusions and future 
works are given in Section 4. 

2.   Design description of the system 

This work has been carried out within the framework of the MOVIDIS project 
(http://movidis.utp.ac.pa/) [11], funded by the SENACYT of Panama 
(http://www.senacyt.gob.pa/). This project consists of the design and 
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development of two different prototypes with the aim to provide assistance for 
the autonomous mobility of ViIP in public transportation system in Panama. One 
of the prototypes is related to the design of new apps for Android-based 
smartphones for ViIP, her/his supervisor (if available), and bus driver. The other 
prototype consists of a set of RF subsystems that interact among them and 
localized with the ViIP, the bus, and the bus stop. 

2.1.   Design of the Apps 

Three apps with their different modified versions have been designed and 
developed for the visually impaired people (ViDis app), the bus driver (ViBus 
app) and the ViIP supervisor (Tutor app). In Figure 1 is presented the functioning 
scheme of the designed apps with the server, which has a specific database for 
this project. PHP (Hypertext Pre-processor) is a powerful and widely-used open 
source server-side scripting language to write dynamically generated web pages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Functioning scheme of the apps. 

 
In this article, the functioning of the system between the ViDis and ViBus 

apps will be described. The interaction between both apps can be performed when 
each app is activated in its smartphone. Besides, must be considered the ViIP and 
bus driver have been trained in the use of each app. The protocol of actuation 
between the ViIP and the driver, beginning when the ViIP request the bus stop up 
to him/her get off the bus is described as follow: 

 The bus is on the route and the ViIP is on the bus stop. 
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 The ViIP is able to know, through the ViDis app, the bus is near to bus 
stop. Therefore, the ViIP request the bus stop, and he/she is waiting the 
bus answer. 

 The ViBus app detects the bus stop request, and the driver touching the 
phone screen to send the received message. 

 The ViIP receives the bus answer by means of vibration and/or audible 
message. With this, the first interaction is realized. 

 When the ViIP is on the bus, she/he can recognize in advance the different 
bus stop along the route, by means of the ViDis app. Therefore, the ViIP 
can request the bus stop at any moment using the app. 

 Immediately after request the bus stop to get off on the part of ViIP, the 
ViBus app receive it. Then, the bus drive send a positive answer to the 
ViIP touching his phone screen. 

 The ViIP receives this answer by means of vibrations and/or audible 
message. With this, the second protocol interaction is realized. 

2.2.   Design of the RF System 

Three RF modules have been designed and developed for the visually impaired 
people (MOVI-ETA), the bus driver (MOVI-Bus) and the bus stop (MOVI-Stop). 
These modules transmit their RF signals in the ISM radio band since this radio 
band is reserved internationally for industrial, scientific and medical purposes 
other than commercial telecommunications [14] and, besides, it is license-free. In 
Figure 2 is presented the interaction scheme among the designed RF modules for 
the MOVIDIS project. 
 
 
 
 
 
 
 
 
 
Figure 2. Interaction scheme among the modules of RF system to 433.4-473.0 MHz’s 

 
The general functioning of this RF system is as follow:  
 A bus is on the route and it is emitting specific RF signal by means of 

the MOVI-Bus module with the aim to detect the MOVI-Stop modules. 
 When the MOVI-Bus detect any MOVI-Stop, the first recognize the bus 

stop where the second is installed. 
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 At this moment, if there is a VoIP using MOVI-ETA at that bus stop, 
the MOVI-Stop detect it and sends a message to the MOVI-ETA of 
recognizing, and the link is established between them. 

 If the ViIP requires stopping the bus, then he/she touch a button of 
MOVI-ETA and request the bus stop through the MOVI-Stop. 

 Afterward, the bus driver send a message to the MOVI-ETA trough the 
MOVI-Stop indicating that will stop the bus. With this, the first 
interaction protocol finalise. 

 When the ViIP is inside the bus, the MOVI-ETA will connect with the 
MOVI-Bus. Then, the MOVI-ETA will recognise all bus stop along the 
route through the MOVI-Bus, since it is will connect with each MOVI-
Stop. 

 Therefore, the ViIP can request using the MOVI-ETA the bus stop to get 
off. The bus driver send a message of received. With this, the second 
interaction protocol finalise.  

 
Both interaction protocols, using apps for smartphones or RF modules using 

ISM radio band are summarized in this paper (but sufficient for understanding 
them), since different signals, flags, and process are executed in each moment, 
however, its description would be the paper extensive. 

Why does it necessary to design and developed two different systems to 
provide help for the ViIP in their mobility in the public transportation of Panama? 
Because there is no GPS connection and 3G/4G services in several routes in 
different cities in Panama. Other reasons are that in some zones in Panama City, 
some places, bus stops, etc., there are not labelled, and neither at other cities of 
the country. Therefore, the two systems will be very useful in the future. Besides, 
this problem is not only of Panama, but also of other countries of the region and 
other towns in developed countries. Consequently, this project can be useful for 
improve the mobility of the ViIP in the public transport in general. 

3.   Evaluation of the systems 

Firstly, the visually impaired people that collaborate with the MOVIDIS project 
have been trained with the two systems, the ViDis app, and the MOVI-ETA 
module. Figure 3 shows the snapshot of the training process. Both collaborators 
have a full visual disability and the training process have taken a session less than 
30 minutes. This demonstrates the phone app and the RF module have user-
friendly interface design. In addition, the bus drivers have been trained with the 
ViBus app and the MOVI-Bus module. 
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Several experimental tests have been carried out in order to evaluate the 
designed prototypes in lab conditions and in outdoor conditions using different 
types of motor vehicles. Figure 4 and Figure 5 show two different scenes when a 
ViIP is inside the bus and when she is waiting for the bus using the ViDis app. 
Both experiments have been carried out successfully, shown promising results. 

 
 

  
 
 
 
 
 
 
Figure 3. ViIP training process with the MOVI-ETA prototype and the ViDis app. 

 
In the experiment, represented in Figure 4, both app knew the next bus stop, 

so the ViIP is able to request the bus stop at the respective moment. The bus driver 
receives this request and sends the response to the ViIP and, subsequently, stop 
the bus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. ViIP inside the bus using the ViDis app and the ViBus interface, during an experimental test. 

 
In Figure 5 is possible to see the user-friendly interface design of the ViDis 

app. This interface has big buttons, which send her vibration and audible signals 
when she touches them. Besides, she receives vibration signals and audible 
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messages when the bus driver sends some responses to her. Therefore, the ViIP 
is aware of the interaction with the bus, before and after taking it. The interaction  
time of the bus driver with de ViBus app is negligible; therefore, it is not 
compromised road safety. 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5. ViIP waiting the bus using the ViDis app and the ViBus interface, during an experimental 
test. 

4.   Conclusions and Future works 

In this paper has been outlined the conceptualization of the design and 
implementation of two systems ICT-based, addressed to provide helps to the 
mobility of visually impaired people in the public transportation in Panama. 
However, this proposal can be extended to other cities in the world, where 
technology not has been developed nowadays. 

Several experiments have been carried out in outdoor, between bus stops in 
some transportation routes, given successful and promising results. It should be 
stressed that have been developed non-commercial prototypes, but they can be 
innovative products in the future. 

Two people with full visually impaired have collaborated with our research 
group using the ViDis app and the MOVI-ETA module, and they have had a rapid 
learning using the prototypes and have expressed eagerness. 

In future works, the prototypes will be improved, adding new characteristics 
and broaden their action fields to other outdoor and indoor zones. 
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Pneumatically driven wearable assistive devices for walking have been developed 
recently. These devices can achieve flexible assistance without control; however, they 
require large and heavy air compressors for activation. In this study, a pneumatically 
driven source using vibration energy regeneration from walking was developed. The aim 
was to activate the cylinder using vibrations due to walking and compressed air. A mass 
element, which is connected to a human body via a spring and a cylinder, vibrates along 
with the human gait cycle. Next, a prototype was developed and tested. In walking 
experiments, stored pressure was measured at several gait cycles and masses for 
comparison. Results indicate that the gait cycle period and masses affect the stored 
pressure; the highest pressure recorded was 0.08 MPa. 

1.   Introduction 

Wearable assistive devices have been developed recently to prolong the health 
spans of the elderly or to reduce heavy manual labor [1-3]. These devices are 
required to provide flexible assistance in a safe and natural way. Devices driven 
by motors and reduction gear are controlled to be flexible by feed back control. 
In such cases, sensors are required and they cannot adapt to sudden external 
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forces that are faster than the actuator’s performance. In addition, such devices 
interfere with the wearer’s movement because they have low back drivability.  

In contrast, pneumatically driven assistive devices that achieve a flexible 
assistance without control using pneumatic artificial muscles for actuators have 
been developed [4,5]. These devices can mitigate the problems discussed earlier; 
however, they require large and heavy air compressors for activation. Therefore, 
portable pneumatically driven devices have been recently developed [6-9]. 
However, a mobility comparison of the gas compression methods [10] indicates 
that the existing methods pose certain limitations.  

In this study, a novel air compression method that uses walking vibration 
energy regeneration is proposed. Additionally, a prototype is developed and 
tested.  

 

2.   Concept and modeling  

2.1.   Vibration during walking 

The center of gravity moves vertically during walking. Fig. 1 shows the 
variation of height and acceleration of the center of gravity for two gait cycles. 
The center of gravity is low in double-stance phase and high in the single-stance 
phase. Acceleration is ~180° out of phase with height.  

 
 

 
Figure 1. Height and acceleration of the center of gravity during a complete gait cycle. 
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2.2.   Regeneration of walking energy 

Fig. 2 schematizes the walking energy regeneration device. The regeneration 
device is fixed to the wearer, and mass elements are connected via a spring and a 
cylinder. The movement of the mass element is restricted in the vertical 
direction by a slider. Due to vibrations during walking, the mass element moves 
up and down and drives the cylinder to compress air. This enables obtaining 
pneumatic energy from walking energy. The mass element comprises additional 
systems such as electric valves and a battery. 

The inertial force generated by the vibration of the mass element is expected 
to assist in walking. 

 

 
Figure 2. Operation of air compression device using walking vibration energy. 

 

2.3.   Modeling 

The vibration phenomenon of the proposed method can be regarded as the 
forced displacement vibration of a spring-mass damper system, as shown in Fig. 
3. Note that the mass of a human is sufficiently larger than the mass of the 
device. The impedance elements of the cylinder are regarded as the damper and 
spring elements. k is the spring constant of the spring, kc is the spring constant of 
the cylinder, and dc is coefficient of viscosity of the cylinder. The resonance 
frequency of the system can be expressed as ሺ2πሻିଵ√݇݉ିଵ െ 0.5	݀ଶ݉ିଶ	. 
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Figure 3. Model of the proposed system. 

3.   Prototype  

3.1.   Design 

The design of the prototype is shown in Fig. 4. The prototype comprises a frame 
and a plate for loading mass elements. These two parts are connected via a 
spring, a cylinder for generating compressed air, and a slider that restricts 
movement of the plate in the vertical direction. Brackets for attaching the 
shoulder strap are attached to the top and bottom of the frame. 

 

 
Figure 4. Design of the prototype. 

 

k kc dc

m
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3.2.   Developed prototype 

The developed prototype is shown in Fig. 5, and the specifications are shown in 
Table 1. The cylinder is composed of a commercially available double-action air 
pump. The discharge port of the pump is connected to the tank, which is used to 
store the compressed air. A check valve prevents the backflow of the 
compressed air, and a pressure sensor is mounted between the tank and the 
pump. 
 

 
Table 1. Specifications of the prototype. 

Weight of the prototype 1.79 kg 

Weight of the plate part 0.570 kg 

Size 350 mm × 150 mm × 180 mm 

Model number of spring 
22-1245 (Samini Co., Ltd.) 

Spring constant is 0.392 N/mm 

Model number of cylinder D59-35-301 

Volume of tank 600 ml 

Length of the tube between cylinder and tank 670 mm 

 
 

 
Figure 5. Subject wearing the prototype. 
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4.   Experiment 

4.1.   Experimental conditions  

The prototype shown in Fig. 5 was experimentally validated. In each trial, 
pressure measurements were performed while the subject walked for 120 s with 
a 700-mm step length. Two parameters were varied: a) the number of weights on 
the plate [one to four weights (0.85 kg each) were used] and b) the period of the 
walking cycle (0.9, 1.0, and 1.2 s). The subject is a male with a height of 178 cm 
and a weight of 68 kg. 

4.2.   Results and discussion  

Fig. 6 shows the experimental results, and Table 2 shows the theoretical 
resonance period, which was calculated assuming that kc and dc are 0. Fig. 6 
shows the pressure profiles for three different step periods and for different 
weights. It is evident that short gait cycles yield more amount of compressed air. 
The highest pressure and fastest compressed air generation were observed for 
three weights and a 0.9-s gait cycle period. Here, the pressure was ~0.08 MPa, 
sufficient for activating pneumatic actuators.  

Under the two-weight condition, gait cycle periods of 1.0 and 0.9 s showed 
similar pressure profiles because this experimental condition has a 0.95-s 
resonance frequency, as shown in Table 2, and is similar to the 1.0- and 0.9-s 
gait cycles. 

However, comparing the results in Fig. 6 with the gait cycle in Table 2, the 
resonance frequency and experimental results did not correlate with each other 
were not observed. For example, in the case wherein four weights were used, the 
compressed air becomes largest at 1.2-s gait period. However, the experimental 
result showed that 0.9 s period provides the highest pressure.  

Therefore, it is necessary to improve accuracy of the model. For example, 
adjusting the cylinder spring force and coefficient of viscosity according to the 
cylinder pressure could improve the agreement between model and experiment. 
Additionally, a more detailed analysis of the model could help determine the 
optimum values of the spring constant and weight. These proposed adjustments 
could improve the efficiency of this device to make it practical.  
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(a) one weight 

 
(b) two weights 

 
(c) three weights 

 
(d) four weights 

Figure 6. Pressure profiles for various gait cycle periods. Each plot shows the results for a different 
weight. 

 
Table 2. Resonance period of each condition 

Number of weights Weight [kg] Resonance period [s] 

1 1.42 0.38 

2 2.27 0.48 

3 3.12 0.56 

    4 3.97 0.63 

5.   Conclusion 

In this study, an air pressure source using regeneration of energy from walking 
was proposed and a prototype was constructed and tested. In the walking 
experiments, pressure profiles during gait cycles were compared at varying gait 
cycle periods and masses. The highest pressure in the tank was 0.08 MPa for a 
weight of 3.12 kg and gait cycle period of 0.9 s. Plans for future study include 
the optimization of the device specifications using a more detailed model. 
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Smart Walkers are a category of robotic assistive devices particularly useful for the elderly. 
These systems help the users in locomotion and with respect to the classical walkers, reduce 
the risk of fall. This work presents a new system that has been developed using low-cost 
time of flight laser sensors in place of the more expensive laser scanners. Control of 
direction is performed by guiding the user by mean of brakes on the rear wheels. Other 
sensors include an inertial measurement unit with magnetometer and an interface with an 
external absolute localization system. Preliminary trials have been performed on a 
graphical and physical simulator implemented in the V-Rep framework. 

1.    Introduction 

1.1.   Assistive mobility devices 

Nowadays it is well known that the proportion of elderly people in the society is 
constantly growing. As a consequence, it becomes really important to develop 
assistive systems to allow a better integration in the society of elderly people in 
their daily activities. Technology can help and several devices have been 
developed for the so-called Ambient Assistive Living [1]. The European 
Commission has also started a specific program for AAL [2] and many countries 
have developed their specific research plans. Recently the International Standard 
Organisation has developed the standard ISO 13482:2014 which specifies 
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requirements and guidelines for the inherently safe design, protective measures, 
and information for use of personal care robots.  
    One of the most important activity that is compromised by age or by some 
disability, is locomotion. As a consequence, an important function of several 
devices is to guarantee mobility in autonomy of the users. Walkers are important 
devices, since consent a physical support and stabilizing effect for those persons 
with reduced mobility and balance problems. These devices allow also to perform 
rehabilitation exercises and in most cases are more useful and best accepted with 
respect to wheelchairs [3]. 
      However, several studies report that the adoption of walkers in many 
situations does not decrease the probability of falls of the users [4]. Walkers 
sometime can bump or become entangled into obstacles, or tumble into steps or 
stairs and as a consequence become the main cause of falls. 

1.2.   State of the art on Smart walkers 

Several researchers have studied how to improve a classical walkers introducing 
some sensors, actuators and control strategies. Such devices are usually known as 
“smart walkers” and in [5] a review of the functionalities implemented on several 
systems is presented. In particular devices can be classified with respect to their 
autonomy, shared-control capability, manual guidance, sit-to–stand help, user’s 
state monitoring. In particular, an important distinction is between motorized 
walkers and passive walkers. Walkers with active motors connected to the wheels 
help the user in the mobility, by navigating autonomously in the environment. On 
the other side passive walkers through the adoption of sensors and sometimes 
brakes in the wheels, guide the users to their desired route leaving them the 
responsibility of the motion. Previous work concerning the adoption of brakes for 
guidance of the trajectory have been reported in [6], where expensive servo brakes 
and laser scanners are used and in [7], where a detailed study of the trajectory 
control by brakes is described.  
      It is important to underline that the functions of a smart walker need to be 
designed specifically for a precise class of users and that universal solutions do 
not exists. 

2.   The proposed solution 

One of the purpose of the project SUMMIT is to design build and test on real 
environments an Internet of Things platform based on several smart objects. One 
of the testing scenario is concerning Smart Health and among the smart objects a 
smart walker has been selected, to be developed and tested. 
       The system should have navigation capabilities within a domestic 
environment. Localization is then performed by interfacing with a specific 
network in the environment, obstacle avoidance by means of several distance 
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sensors, while inertial sensors monitor bump into obstacles and are be adopted to 
predict the risk of fall. 
      Actuators in the brakes of the rear wheels are installed to guide the users 
toward desired locations, avoiding obstacles, while a haptic interface in the 
handlebars sense user’s intentions. The main innovative aspect of this work is the 
adoption of low cost time of flight laser sensors, the integration with an external 
localization system and the development and implementation of a predictive 
strategy to prevent the risk of fall. 

2.1.   Block diagram of the proposed system 

The draft architecture of the proposed system is reported in Fig. 1. Where all the 
adopted sensors, actuators and interfaces are reported. In the following sections a 
short description of the main components is described. 

 
Figure 1. Block diagram of the installed systems on a commercial walker.  

 

2.2.   Time of flight laser sensors 

In order to get a precise obstacle detection without using expensive laser scanner, 
we decided to adopt some innovative Time-of- Flight (ToF) laser-ranging 
modules, the VL53L0X by STMicroelectronics. This sensor is housed in a very 
small package and can measure absolute distances up to 2m with a Field Of View 
of 25°. This distance is considered more than adequate, considering the typical 
low speeds and the domestic environments.  
       These sensors can be adopted into three different modalities: Single ranging, 
Continuous ranging and Timed ranging with three ranging profiles: High speed, 
High accuracy and Long range. 
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       In particular, we adopted the three sensors integrated into a microcontroller 
board X-NUCLEO-53L0A1. The system has been also tested mounted on a servo 
motor, thus allowing to get a scan of the environment, as it is shown in Fig.2. An 
example of a scan is reported in Fig. 3. The time needed for a 360° scan is of about 
2s, with a resolution of 10°. 
 

            
(a)                                                                     (b) 

Figure 2. The evaluation board X-NUCLEO-53L0A1 for the VL53L0X sensors (a) and how it was 
mounted on a servomotor for environment scanning.  

 

 
Figure 3. A 360° scan obtained from the fusion of the information from the three sensors (dimensions 
in cm.).  
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2.3.   Sensor-Tile IMU 

Information on the accelerations of the system and on its orientation is obtained 
by using the STLCS01V1 SensorTile system by STMicroelectronics (Fig.4). 
      This is a very compact module which includes a 32bit MCU, a 3D 
accelerometer and 3d gyroscope, a 3D magnetometer, a pressure sensor, a MEMS 
microphone, a Bluetooth low energy interface and several other external 
communication interfaces. 
 

 
Figure 4. The sensorTile STLCS01V1 board.  

 
      In particular, in our application it is adopted for detecting bumps into obstacles 
and to obtain the absolute orientation of the system. 
 

2.4.   Absolute Localization System 

In order to get absolute localization of the walker in the environment a smart 
multisensor assistive system has been developed in our Department [8]. This 
system performs a data fusion algorithm between a wireless sensor network, based 
on ultrasound sensors for trilateration, and odometry data, gathered by an Inertial 
Measurement Unit. The average accuracy of the localization in a typical indoor 
environment is about 3cm. 
 

2.5.   Obstacle Avoidance Strategy 

As an algorithm to avoid obstacles a potential field approach has been chosen [9]. 
Data from the map of the environment are fused, by using a Fuzzy Logic 
algorithm [10], with the Time of Flight sensors to implement a repulsive strategy 
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on the brakes of the walker. Information from the IMU are also adopted to detect 
bumps and its magnetometers allow the estimation of the orientation of the user. 

3.   Results on simulations 

As a first step, before implementing the strategies on a real hardware, a simulation 
environment has been designed by using the V-Rep environment. V-Rep is a tool 
by Coppelia robotic very useful for graphical and physical simulation of robotic 
systems and can be easily interfaced with external software. In particular, in our 
application the control strategy has been written in MATLAB. In this case only 
three fixed Time of flight sensors have been adopted. 
      In the Figures 5 and 6 some screenshots of the simulations are reported. In 
particular, in the Figure 6 the graphs on the left lower part show the minimum 
distance with an obstacle, while on the right upper part, the views of three virtual 
cameras, placed on the three laser sensors positions, are shown. The three red 
cones represent the Field Of View of the ToF sensors. 
 

 
 

Figure 5. Simulation of the smart walker on a virtual environment in V-Rep.  
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Figure 6. Sequence of a typical path of the smart walker in an indoor domestic environment.  
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4.   Conclusions 

This work reported some preliminary results on a new low-cost architecture 
for a smart walker. The main sensors and the overall strategy has been designed 
and is under implementation and test on the real hardware. A physical simulator 
has been implemented and the results are promising. Final implementation and 
experimental trials on the real system with real users are ongoing. 
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The deterioration of the components of the rotator cuff is one of the most frequent causes 
of musculoskeletal pain and disability in the world. The conditions of the rotator cuff 
increase with the passage of time, since they have a direct relationship with a process of 
deterioration rather than with a traumatic event. In order to decrease pain and recover 
shoulder movement, patients are usually treated by regular sessions with a physiotherapist. 
However, more sessions are required than those stipulated to fully obtain recover mobility. 
This paper present the development of portable prototype to rehabilitate acute rotator cuff 
injure, designed from biomechanical analysis and ranges the kinematics and dynamics 
articulated in the present design determine important requirements in obtaining greater 
functionality of the prototype and with it, allows the identification of sensors and actuators 
for executing two types of specific movements: flexion / extension and external / internal 
rotation by means of a soft rehabilitation robot. 

1.   Introduction 

     The component´s deterioration of the rotator cuff is one of the most frequent 
causes of musculoskeletal pain and disability in the world. The incidence of 
shoulder pain in the general population is around 11.2 cases per 1,000 patients per 
year. It is considered to be the most prevalent soft tissue pathology, with an 
estimated incidence of rotator cuff injuries of 3.7 per 100,000 per year.  
     The pathology of the rotator cuffs is associated with the overuse of the joint by 
work, sports, avascularity, mechanical failure located in the supraspinatus tendon, 
ruptures caused by deterioration or even by the entrapment that the tendon suffers 
between the humerus and the acromion. There are other risk factors that can lead 
to a rotator cuff injury, such as obesity, hypercholesterolemia, genetic factors, 
anatomical variations, scapular dyskinesia and glenohumeral instability. [1] 
      Currently, the rehabilitation of rotator cuffs starts from the application of 
conventional therapies, to the use of robotics as alternative mechanisms, which 
integrate engineering concepts such as compensation of force, motor control at 
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speeds calibrated according to the motor functions of each individual and sensory 
contributions that through the repetition of exercises in intensive training 
programs manage to recover mobility limitations.[2] [10] Some of the referents 
are Armeo Spring who by providing support for the weight of the arm, allows 
patients to use any remaining motor function and encourages them to reach a 
greater number of reach and grip movements based on specific therapeutic 
objectives, from an arm grab exoskeleton [3]; In-Motion Shoulder-Elbow Robot 
allows to quantify the control of the motor of the upper extremities and with the 
recovery of the movement, which allows the doctors to distinguish the real 
recovery from the compensation of the patient [4]; shoulder exoskeletons; Cable-
Robots who have very good kinematic and dynamic characteristics, and also show 
other properties such as: portability and economy of costs, which also make them 
suitable for medical applications and rehabilitation even though based on the 
physical nature of the cables that can only pull and not push [5]; isokinetic force 
machines such as Humac Norm Testing and Rehabilitation System that allows the 
diagnosis and treatment of the performance of muscles and joints of orthopaedic 
patients, starting from the principle of isokinetic force, under the correct 
anatomical positioning and a positive stabilization to examine the musculature 
that surrounds the shoulder [6]. Based on the aforementioned developments, the 
new technologies point to the use of soft materials, which improve the ergonomics 
of the rehabilitation system like active soft orthotic system [7] [8] [9] 

2.   Biomechanical evaluation of patient 

       The biomechanics establishes a specific protocol to certain angles according 
to each movement as a pattern of healthy patients as example: the flexion motion 
goes from 0° to 180°, the extension motion from 0° to 60° for the sagittal plane; 
adduction from 0° to 45°, abduction from 0° to 180° in the frontal plane; the 
flexion of 130° to 5°, extension of 40° to 50° with respect to the horizontal plane; 
external rotation from 0 ° to 40° to 60° and internal rotation from 0° to 90°; and 
external and internal movements, both up to 70°. Although the biomechanical 
analysis allows limit the total movement angles of the articulation, the functional 
ranges of mobility are the representatives of movement with minimum balance in 
the comfortable execution of daily activities. From this conditions, the mechanism 
of operation of the prototype is designed, being specific in movements of flexo-
extension (A), and internal and external rotation of the Shoulder (B). 

3.   Concepts of prototype design 

      The figure 1 is showing the design of a portable system driven by two gear-
motors. The kinematic and dynamic analyses are based on two of the movements 
adapted by the articulation: flexion / extension, external / internal rotation which 
activate two degrees of freedom respectively. The prototype consists of two 
supports for the arm and the forearm, which will maintain the extremity in the 
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ranges of joint movements required to perform the different rehabilitation 
exercises. [11] [12] [13] 

 
Figure 1: Design of shoulder rehabilitation robot first and second joint. 

3.1.   Kinematic Design 

     The kinematic system was obtained from a reference axis of the shoulder, 
which was proposed for the design of the system in the arm. (See figure 1) 

                   (1) 
    The rotation matrix RY, q0 gives the projection of the coordinates in two 
coordinate systems. the equation 1 is the first rotation matrix it is evident that the 
system rotates on the Y axis and the articulation that rotates on this axis is the one 
called q0. In the translation matrix Tras z, we can see which link is transferred for 
the first system and on which axis the movement is observed. In this case, link 1 
moves on the z axis. 

                               (2) 
     The equation 2 is the homogenous transformation matrix A01, we can see the 
projection of system 0 in system 1 and we can see the sum or product point 
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between the matrices of rotation and translation. The breasts and cosines that are 
evident in the rotation matrix, are the projections of the vectors in both x and y. 

                   (3) 
    The rotation matrix RZ, q1 gives the projection of the coordinates in two 
coordinate systems. In the first rotation matrix it is evident that the system rotates 
on the Z axis and the articulation that rotates on this axis is the one called q1. In 
the translation matrix Tras x,l2 you can see which link is transferred to the second 
system and on which axis the movement is observed. In this case, link 2 moves 
on the x-axis. 

                                  (4) 
     In the homogeneous transformation matrix A12, we can see the projection of 
system 1 in system 2 and we can see the sum or product point between the matrices 
of rotation and translation. 

                      (5) 
     After obtaining the homogeneous transformation matrix of the system q1 and 
q0, multiplication or cross product of both homogeneous matrices is performed to 
find the position of the end terminal, with respect to the whole system. 

                    (6) 
     The Jacobian matrix is used to determine the speed of movement in each of the 
axes and also to determine the kinetic energy, it was necessary to calculate the 
velocity vector, which is composed of the sum between the vector derivative of 
rCM center of translational mass plus the angle of rotation, by the cross product of 
the vector rCM of center of mass. Once the velocity vector is found, the kinetic 
energy and the potential energy are found. 

                      (7) 
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                                      (8) 

                                                 (9) 
     The vector r1 is composed of a medium of link 1 in the direction i0, while the 
vector w1 is given by the rotation q0 in the opposite direction to the movement -
j0, the vector v1 is given by a means of link1 by the rotation q0 in the address k.  

                                                (10) 
    After determining each of the variables (ݎԦ1 y ݓሬሬԦ1), we find the velocity, which 
gives us as a result, since the derivative of R1 with respect to q0 is 0. 

                                            (11) 
     Once the velocity is found, the value is replaced in the kinetic energy equation, 
where WT is the transpose of the vector ሬ݇Ԧ1 and I is a matrix of inertia. 

                        (12) 
      In addition to this, the potential energy is found where m1 corresponds to the 
mass of the first link and g to the value of gravity. 

                                              (13) 
      For the second joint articulation of the system showing in figure 1, the same 
methodology was carried out, with which the energies were obtained in the first 
articulation. With the difference of the variable  ݎԦ2. 

 

 

 

 

 

3.2.   Design and operation characteristics. 

     The operation of this prototype starts from a 12V power supply that ensures its 
portability, which replaces the L298N (Bridge H) that will give the control of 
rotation of two DC motors. Because it is necessary to determine the ranges of 
extension / flexion movement, external/internal rotation, the angles are sensed by 
using two encoders, one for each DC motor showing in figure 2. The control of 
said DC motors, is given by a software system, Raspberry PI3B, controlled by the 
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Python programming language. A 7805 voltage regulator is required because the 
software voltage should not exceed 5V. 

 
Figure 2: Schematic diagram of control architecture. 

3.3.   System Prototype. 

      The prototype consists of two stabilizing components showing in figure 3. The 
first component consists of a piece that supports the forearm and the arm, and has 
an elongation fabric that allows the user to have mobility in the elbow (1). The 
second component is an abdominal stabilizer, which brings stability to the back, 
and so that the therapy is exercised upright, without complications to the spine, in 
addition, the trellis has two shoulder straps or stabilizers that they allow the weight 
of the actuators to dissipate through them, in addition, the trellis has a pocket that 
groups the electronic components, in order to make it easy to access adjustments 
or even remove the battery to charge it (2). The actuator that exerts the movement 
of flexion - extension, has a support that is connected directly to the trellis and a 
connector that intertwines the other actuator, which performs the external and 
internal rotation movement and is connected to the forearm support by a piece 
which lengthens as the flexion movement (4) is performed. Then you can see the 
two pieces coupled (4, 5 and 6). 

3.4.   Sensors and actuator to monitor the patient's position. 

       In order to control the movements of the patient and emit four types of 
therapies, in which, each one contemplates the four movements with different 
repetitions and angular moments. We use two optical encoders to detect direction 
and rotation by a beam emitted LED that passes through a code disk for each joint. 
The actuators used for the prototype are RS-545SH-22100, those have an 
operating range of 12 to 24V, an unloaded speed of 4200 rpm at a current of 0.16 
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A. One of the most important characteristics are the maximum efficiency, since 
they have a torque of 19.4 mN-m and a power of 4.36 (W). However, since its 
main function is to support therapy movements, we needed it to have enough 
strength to lift a load like the arm, for this we added two reduction boxes or 
gearbox of 1:500 in each motor, as a result decreased its speed at its maximum 
efficiency and increased its strength or torque. 

 
Figure 3: Prototype of shoulder rehabilitation robot system; (A): front, (B): posterior sagittal axis of 
the device, (C): right view, (D): stabilizing components, (E): emergency switch and control access. 

4.   Discussion result and conclusions 

      Results are not obtained explicitly related to rotator cuff injury, indispensable 
parameters are obtained in the operation design of the device, but the functional 
ranges in which the device responds comfortably and pertinent to a rehabilitation 
process due to injury, together with the addition of mechanical stops that go to the 
limits of functional angles. 
       Once the prototype was built according to the anthropometric measurements, 
it was possible to demonstrate that it is an ergonomic prototype, since the 
actuators adapt to the anatomical characteristics of the Glenohumeral joint, 
because the insertions of the actuators are similar to the anatomical insert that 
exists between the humerus and the omoplate. 
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The purpose of this research is to develop the assistive caster unit of manual

wheelchair for step climbing. This unit is easily replaced with the conventional
caster, only a spanner is needed. In addition this caster is simple mechanism,

and the power source is only a 006P battery, there is no microcontroller. For

realizing this simplicity, The proposed caster unit has two functions to assist the
step climbing. One is the assistive plates to enlarge the caster radius imaginarily

in the confined front area of the wheelchair, and to enable to climb a higher

step. The other is the lock function to fix the caster’s swiveling, which realize
easy climbing with oblique approach. The lock-function is activated by the

detection of the step, and mechanically fixes the caster’s swiveling. We have
developed some prototypes of this caster unit, so far. However, the problem

is still remained in the step detection method being the trigger of activation

of the lock function. Therefore, this paper proposes the improved activation
method by detecting the step at an instant of touching it.

Keywords: mobility assistance; mechanism; wheelchair; step-climbing

1. Introduction

The purpose of this research is to develop the assistive caster unit of manual

wheelchair for step climbing. This caster unit provides easy step-climbing

not only frontal approach but also oblique approach by simple mechanism

and a small battery 006P without any microcontrollers. In addition, this

unit is easily replaced with the conventional caster, only a spanner is needed.

There is uneven terrain as one of the mobility barriers for wheelchair

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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users, such as steps and stairs. Even a small and slight single step, it be-

comes a big barrier for mobility of wheelchair users. In order to climb up

or passing over a step, the user is required strong arm muscle and tech-

nique for wheelie. In addition, in case of oblique step climbing, the more

arm muscle is needed. Therefore, the assistive apparatus for step climbing

is required.

Based on the above, there are several assistive apparatuses for step

climbing1.2 Auxiliary step-climbing mechanism3 being composed by the

omnidirectional wheel and auxiliary device were developed. Hinged Caster

mechanism4 was also developed. These systems showed the good results and

improved step climbing performance. However, there are remained prob-

lem, in terms of the practical use. The mechanism3 uses omnidirectional

wheel, and the hinged caster4 needs some modifications to the main frame

of wheelchair. Moreover, no assistive casters have been developed for oblique

step climbing.

On the basis of above, this research develops the assistive caster unit

for manual driven wheelchair. This caster unit provides easy step-climbing

including oblique approach, namely, driving torque for step climbing can

be reduced comparing with conventional caster not only frontal climbing

but also oblique climbing. We have developed several prototypes, so far.

The first prototype confirmed the effectiveness of above mentioned two

functions.5 The first prototype used the electromagnetic tooth clutch for

configuring lock function. As a result, it needed a large battery and was

heavy weight. Thus, the 2nd prototype improved this problem.6 In the 2nd

prototype, a solenoid, rack and pinion gear comprised the lock function.

Therefore, it could reduce its weight and the battery voltage and capacity.

However, the problem is remained in the step detection method which is the

trigger of activation of the lock function. Therefore, this paper proposes the

improved activation method by detecting the step at an instant of touching

it.

2. Outline of the assistive caster unit by reviewing 2nd

prototype

The problems in case of step-climbing are following two points.

Problem 1) The climb-able step height is physically limited by the

radius of wheel

Problem 2) In the oblique step-climbing, the driving force is divided,

because the caster swivels when the caster faces the step.
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Problem 1) is that: Generally, the climb-able step height is less than 1/3 of

a wheel diameter. Thus the large wheel is suited for step-climbing. However,

the cater wheel cannot be enlarged, because the attaching portion of it is

confined by main frame and footrest of a wheelchair. Thus, diameter of

conventional wheelchair is about 100 - 150 mm. As a result, even a small

step (30-40 mm height), users need much power, and have to change the

center of weight of his/her body to take a wheelie state.

Step Step

Driving 

force

Driving force

Climbing force

Ineffec"ve force

(a) (b)

Fig. 1. Driving force in case of oblique ap-

proach to a step
Fig. 2. Assistive plate makes imaginary big

caster in the confined space

Problem 2) is that: In case of oblique step climbing (Fig.1(a)), the caster

swivels due to the caster dynamics(Fig.1(b)). For this swiveling, driving

force being generated by the user is divided into two directions: ”mov-

ing direction (parallel direction to the step)” and ”right direction to the

step”. The only the force of ”right direction” is effective for step climbing.

The force ”moving direction” is not used, namely the user’s force is ex-

hausted. Therefore it is difficult to climb a step obliquely or much power is

required(Fig.1(b)).

In order to solve these problems, we have proposed following two func-

tions.

The assistive enlarge the radius of caster wheel as much as possible

in the confined space shown in Fig. 2.

Lock-function fix the caster’s swiveling in case of oblique step climb-

ing.

Figure 36 shows the 2nd prototype having these two functions. The black

plates in both sides are the assistive plates. This plate has an equivalent

climbing ability to big wheel in confined attachment space. Figure 6 shows
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Lock Function

Rack & Pinion

Solenoid

Limit switch

Assistive Plates

A part of large wheel: 

equivalent climbing 

ability to large wheel 

Holding yaw axis rota!on

Fig. 3. Assistive Wheelchair Caster Unit (2nd prototype)

the movement of assistive plates. After the plates touch the step, they

rotate, and the caster unit climb the step.

(a) (b) (c)rotatetouch

Fig. 4. Movement of the assistive plates

The lock function is the portion consisting of a solenoid, a limit switch

and rack & pinion gears. It holds the caster’s swiveling, and assists the

oblique step climbing. Figure 5 shows the movement of the lock function.

First, (1)After the assistive plates touch the step, they rotates, and step

climbing begins. (2) The limit switch detects the rotation of the assistive

plates, and (3) current flows into solenoid. (4)The solenoid is activated,

and pulls up the rack gear, and then (5) the pinion gear and rack gear are

engaged. (6) Finally, the caster’s swiveling is fixed.

The performance of this prototype was tested by the experiment.7 In

the experiment, the load cell was sandwiched between main wheel and the

hand rim, and the strain was used as the index of user’s driving force.

First, the efficiency of assistive plates was tested. The strain at the load

cell was measured at the step height of 20, 30, 40 mm in both cases: with

assistive plates and without assistive plates. The results are summarized in

Table 1. In the table, ”X” indicates that the step climbing was failed. The

table shows that the asssitive plates could reduce the driving force in all

step height.
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(1) (2)(3)(4)(5) (6) (6)

Switch ONRotates
Pulled up

Hold Keep holding

2) Limit Switch : ON

1) Assistive plate rotates

3) Solenoid is activated

4) Rack gear is pulled up

5) Engaged

6) Held

Fig. 5. Movement of the Lock function

Table 1. Maximum strain [10−6]

with/without assistive plates (approach an-

gle = 0 [rad])

Step

height
[mm]

Without

Assistive
plates

With As-

sistive
plates

20 73.91 54.13

30 102.38 58.32

40 X 59.88

Table 2. Maximum strain[10−6] with as-

sitive plates, oblieque step climing at π/4

[rad]

Step

height
[mm]

Without

Lock func.

With Lock

func.

20 36.35 34.94

30 56.48 46.27

40 61.30 54.35

Next, the lock function was tested. The strain at the load cell was also

measured in the cases: with lock function and without lock function. The

result is shown in Table 2. The table shows that the lock function could

reduce the users’ driving force at the oblique step climbing.

Therefore, it is confirmed that the two functions of our prototype could

assist step climbing by the simple mechanism.

3. Problem of 2nd Prototype

Basically the proposed two functions are effective for step climbing. How-

ever, in 2nd prototype, occasionally the lock function did not activate prop-

erly, and the caster’s swiveling occurred when oblique climbing. The cause

of this is that the prototype structurally can not instantaneously activate

the lock function at the moment the caster unit touches the step. The ro-

tation of the assistive plates were used to detect the step. The limit switch

detects this rotation, and activates lock function. Rotating the assistive

plates means that step climbing has already been started. Therefore, the

problem has been remained that the caster can not be locked at the start
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of climbing where the greatest user’s force is required.

(a) Before touching the step (b) At the moment of  touching the step: 

At the Beginning of the step climbing

(c) During Step climbing

No rota!on of the assis!ve plates: Caster is not held No rota!on of the assis!ve plates: Caster is not held Assis!ve plates rotate: Caster is  held

Fig. 6. Problem of 2nd prototype: Step detection

4. Improvement

In order to solve the above mentioned problem, it is required not to de-

tect the step by rotation of the assistive plate, but to detect the step at

the moment the assistive plate touches the step. Therefore, we consider a

mechanism for detecting whether or not the arc portion of the assistive

plate touches the step. This mechanism realizes instantaneous activation

of the lock function at the moment the caster unit touches the step. This

detection needs to detect only the contact between the assistive plates and

the step, and it is not necessary to detect the contact position on the arc

portion of the assistive plates. In order to meet this requirement and eas-

ily detect the step, We consider the tape switch (141 - BPH, Tape Switch

Japan Co., Ltd.) to be placed on the arc of the assistive plate (Fig. 7).

• Tape switch is on the Arc of assis�ve plates.

• The step can be detected  regardless of the step height.

Tape switch

Fig. 7. Attaching portion of the tape swiche

The 3rd prototypewas made shown in Fig. 8). Parts of the 2nd prototype
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were diverted and the tape switch was affixed to the circular arc portion of

the assistive plates.

Experiments were conducted to confirm the superiority of step climbing

by this new step detection method. In the experiments, the forces required

to oblique step climbing were measured by using a force gauge in both cases

of 2nd and 3rd prototype. The height of the step was set to 40 mm, and

the oblique approach angle was set to θ = π/3 [rad]. Under these condi-

tions, the measurements were made ten times using 2nd and 3re prototype,

respectively.

The result is shown in Fig. 9. From this result, it can be seen that the

proposed new prototype (3re Ver.) has a smaller driving force. Therefore,

by locking the caster’s swiveling simultaneously with the contact of the

step, it can be said that the caster’s swiveling was locked before the step

climbing and the driving force of user could be reduced.

From the above, by improving the step detection method, the delay of

the lock function was gotten rid of, the driving force could be reduced.

Assistive Plates

Lock Function

Rack & Pinion

Solenoid

Tape switch

Fig. 8. Overview of the 3rd prototype

Limit Switch 

(2nd proto.)

Tape Switch

(3rd proto.)

p = 0.000

Fig. 9. Result of the force of step
climbing

5. Conclusion

This research develops the assistive caster unit for manual driven

wheelchair. This caster unit provides easy step-climbing including oblique

approach.This caster unit has two key functions. One is the assistive plates

to enlarge the caster radius imaginarily in the confined front area of the

wheelchair, and to enable to climb a higher step. The other is the lock-

function to fix the swiveling, which realize easy climbing with oblique ap-
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proach. The lock-function is activated by the detection of the step, and

mechanically fixes the swiveling of the caster. We have developed some pro-

totypes of this caster unit, so far. However, the problem was still remained

in the step detection method being the trigger of activation of the lock-

function. Therefore, this paper proposed the improved activation method

of lock function by detecting the step at the moment of touching it.

The improved method was to attach the tape switch on the circular arc

portion of assistive plate as a new step detection method. The experimental

result showed that the caster’s swiveling was locked before the step climb-

ing and the driving force of user could be reduced by locking the caster’s

swiveling simultaneously with the contact of the step. Therefore, the delay

of the lock function was gotten rid of, the driving force could be reduced

by improving the step detection method.
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This paper proposes a novel standing assistance robot, which considers the
posture tolerance of its user. In previous studies, conventional assistive robots
did not require patients to use their own physical strength to stand, which
leads to decreased strength in the elderly. Therefore, an assistive robot that
allows patients to maximally use the physical strength they possess is required.
To realize this objective, it is important that a robot assists patients according
to their body movement and by their intentions. However, in previous studies,
general assistive robots helped patients by using a fixed motion reference path-
way in spite of their original intention, and as a result, these robots failed to use
the physical strength of the patients. Therefore, we propose a novel standing
assistance robot, which allows its user to move their body within a prescribed
degree of posture tolerance during the process of moving from a sitting to a
standing position. Our key findings cover two fundamental research topics. One
is the investigation into posture tolerance during a standing motion. The other
topic is a novel assistance control algorithm that considers the investigated
posture tolerance by combining position control and force control. A prototype
assistive robot, based on the proposed idea was fabricated to help patients
stand up safely using the maximum of their remaining physical strength.

Keywords: Standing Assistance; Posture Tolerance; Robotic Walker.

1. Introduction

Standing is one of the most serious and important activities in the day-to-
day lives of elderly people, as they may lack physical strength and stabil-
ity1.2 In a typically bad case, an elderly person who does not have enough

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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physical strength will not be able to stand up and may then be restricted
to life in a wheelchair life or become bedridden.3 Furthermore, once an el-
derly person falls into such lifestyle, the decrease in their physical strength
becomes more pronounced due to the lack of exercise and the associated
limited use of their own physical strength.4 Therefore, assistive robots are
required to aid patients in the use of their remaining strength during the
standing motion in order to maintain their muscular strength.

To realize this objective, assistive robots should be designed to accept
some variance in the patient’s body motion because human motion does
not always fit an established reference path. Despite this, there have been
many reports of robots, which assist patients according to a fixed reference
path and do not consider the variations in body motion.56 During standing,
these robots interfered with the body motion of the patient, adjusting it
to fit the reference path. This external intervention prevents patients from
using their own physical strength during the process of standing up and
therefore reduces their muscular strength.

Previously, we have developed robotic walkers which have a standing
assistance function,789 and Fig. 1 shows our recent latest prototype.9 The
robotic walker consists of a powered walker and a standing support manip-
ulator with armrests, which moves the patient in an upward direction so as
to be lifted. Wheel actuators on the powered walker stabilize the patient,
and are also used for lifting the patient up. Our prototype succeeded to
assist the patient in a way that enabled them to use their remaining phys-
ical strength as seen in Fig.1(b). However, this prototype did not consider
the range in movement of the patient’s body during standing up, and as
a result, if the patient’s motion does not fit the designed standing motion
pathway, the prototype cannot make use of the remaining physical strength
of the patient, as seen in Fig.1(c).

(a) prototype (b) success to assist (c) failure to assist

Fig. 1. Our prototype which assists a patient who requires daily care.
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Therefore, in this study, we propose a novel standing assistance robot,
which considers the variation in the range of movements of a patient’s
body when rising from a sitting to a standing position. To achieve this
objective, we initially investigated the posture tolerance during the process
of standing up. In this range, patients can stand up, stably and safely, using
their own physical strength. Secondly, we extend a published assistance
algorithm,8 which combines position control and force control, to adapt to
the parameters of the prior investigation into posture tolerance. Using the
proposed algorithm, our robotic device only assists them to stand up when
necessary; maximizing their muscle exercise.

2. Posture Tolerance

2.1. Required Condition

From the viewpoint of body dynamics, the standing posture should be
fulfilled by two conditions.

• Stability condition: The patient should be able to keep their body
balanced in this posture. This study defines the condition as fol-
lows: the position of the center of gravity (COG) should be located
within the range of the patients footprint, while keeping the body
balanced during standing up.7

• Muscle condition: The patient should be able to control their body
motion in this posture. In general, the output force generated by
muscles, changes according to the human posture because the po-
sitional relationship between the muscles and bones changes with
the adopted posture.8 This means an unsuitable posture cannot
generate a sufficient upper direction output force for proceeding
through with the standing motion. This study defines this condi-
tion as follows: the output force of the muscles listed in Fig.2 should
not exceed the muscle’s maximum output during standing.

This paper investigates the tolerance level, which fulfills these two con-
ditions through computer simulation studies using OpenSim, a human mo-
tion dynamics simulator package. In this simulation, we used a 3DGait-
Model239210 as human model and modified its body parameters to fit a
typical Japanese elderly person.11 The standing motion was based on the
references recommended by nursing specialists8 as shown in Fig.3(b). In
Fig.3(b), the Y-axis shows the angular values of the pelvis and trunk, knee
and ankle, whereas the X-axis shows the movement pattern,7 which is the
ratio of the standing motion, as shown by (1).
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(a) muscles (b) coordination

Fig. 2. Human model

ŝ = t/ts (1)

In equation 1 (1), ts is the time required for completion of the standing-up
operation and t is the present time. Generally, the standing motion consists
of three phases, as shown in Fig.3(a). Thus, we set a variation of ±30[deg]
range on the reference posture at the end of each phase (Postures (A)-
(C)) in the computer simulation. Note posture (D) is the final posture and
therefore we did not set a variation on this phase.

(a) standing phases (b) references

Fig. 3. Simulation setup
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2.2. Body Motion Tolerance

Fig.4 shows the acceptable position of point P, identified in Fig.2(b), derived
from the computer simulation. The standing motion will be realized within
the tolerance shown in Fig.4(a) and in this range of motion, the patient can
physically achieve final standing posture.

Fig.4(b) shows the acceptable tolerance at 70[%] movement during the
pattern of the standing motion. Muscle condition determines the stability
condition in Fig.4(b), and from this result, it is important to consider the
patient’s capable muscle output force in the standing posture.

(a) Investigated tolerance (b) Tolerance at 70[%] movement pattern

Fig. 4. Simulation Results

3. Assistance Control Algorithm

To allow patients to use their remaining physical strength during standing
up, our controller uses a combination of damping control and position con-
trol. Damping control can change the strength of assistive power, thus, it
can determine how strong it applies assistance force to reduce load or use
their remaining physical strength. Furthermore it allows for an offset from
the reference pathway of motion, allowing the patient to move freely during
the standing up process. Considering these characteristics, damping control
should be used in the tolerance discussed in section two. By contrast, posi-
tion control is useful for maintaining body posture, however, its pathway is
fixed and so does not consider the physical strength of the patient. Thus,
it is useful when the patient’s posture exceeds the acceptable range.

In our previous work,8 we proposed an assistance control algorithm
based on the voluntary movement of the patient. We know from previous
research12 that the motion of the human body consists of voluntary move-
ments, which generate the total body motion, and a posture adjustment
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action, which keeps the body stable during motion. This means the robot
should only provide a force that assists the physical activity in response
to the voluntary movement of the patient, and our proposed algorithm
only assisted the patient when physical strength was required for doing a
voluntary movement. However, the previously reported algorithm did not
consider the variation in the range of movements during human motion, so
this paper extends this control algorithm as follows:

• First, we defined the body movement vector P as (2). This shows
the velocity direction of point P (Fig.2(b)), which is the COG of
the upper body. The position of P

(
xref
p , yrefp

)
is a motion refer-

ence point based on the standing motion recommended by nursing
specialists. Details regarding the generation of this reference point
are given in our previous paper.8

P = vref
p (ŝ) ,

vref
p =

∣∣∣∣ ẋref
p

ẏref
p

∣∣∣∣T =

∣∣∣∣ ẋref
p (0) , · · · , ẋref

p (ŝ) , · · · , ẋref
p (1)

ẏrefp (0) , · · · , ẏrefp (ŝ) , · · · , ẏrefp (1)

∣∣∣∣T (2)

Furthermore, our robot has control references for each actuator
as detailed in (3), which realize the designed standing motion (2).
ẋref
rbt is the motion reference for a powered walker and ẏref

rbt is for a
standing assistance manipulator.

vref
rbt =

∣∣∣∣∣ ẋref
rbt

ẏref
rbt

∣∣∣∣∣
T

=

∣∣∣∣∣ ẋref
rbt (0) , · · · , ẋref

rbt (ŝ) , · · · , ẋref
rbt (1)

ẏrefrbt (0) , · · · , ẏrefrbt (ŝ) , · · · , ẏrefrbt (1)

∣∣∣∣∣
T

(3)

• Second, we assumed the subject applies all forces fuser at position
P because the armrest and the handle of our assistive robot are
connected rigidly. We can calculate fuser from the force applied to
the armrest farmrest and the handle fhandle using force sensors in
the robot’s body (Fig.5(a)) as (4).

fuser = farmrest + fhandle (4)

• Third, we assumed the patient also applies a force for doing a vol-
untary movement of their own intention, therefore fuser shows a
voluntary component. At the same time, our controller calculates
a motion reference vref

p at this posture (Fig.4(b)) and refers its
investigated tolerance (gray area at Fig.4(b)). Our controller eval-
uates if fuser is within the tolerance at this posture, the patient’s
motion fulfills the both conditions as discussed in section two.
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• Finally, our robot controls two actuators by (5).

vuprefrbt =

∣∣∣∣∣ ẋupref
rbt

ẏuprefrbt

∣∣∣∣∣
T

=

∣∣∣∣∣∣ ẋref
rbt − B

j (fhandle − fhandle0)−K
(
xrbt − xref

rbt

)
ẏrefrbt −B (farmrest − farmrest0)−K

(
yrbt − yrefrbt

) ∣∣∣∣∣∣
(5)

where vupref
rbt is the updated reference value that our robot actu-

ally uses for delivering standing assistance. (xrbt, yrbt) is the ac-
tual position of the powered walker and the standing assistance
manipulator of our robot. B and K in (5) are constants used to
coordinate the ratio between the damping and position controls. j
is also a constant which reduces the damping control ratio of the
powered walker because it does not reduce the patient’s load, and
on the other hand, it largely affects the body balance. fhandle0 and
farmrest0 are the forces the patient applies to the assistance system
before he or she stands.
In order to apply the damping control only when the patient’s mo-
tion fulfills both the stability condition and the muscle condition,
the coefficient B that validates the damping control mode is calcu-
lated as (6). B will be larger value if fuser locates on the center of
the tolerance and in this situation, it fits vref

p .

{
B = b

vref
p ·fuser

|vref
p |·|fuser|

(if conditions are fulfilled)

B = 0 (if conditions are not fulfilled)
(6)

By contrast, the position control is always useful because it helps
the patient maintain a stable posture during motion. Therefore, we
set the coefficient, K which validates the position control mode, to
be constant. The values of b andK were determined experimentally.
Using these ideas, our controller sets the ratio of the damping con-
trol mode to a larger value if the patient’s trajectory fits the ex-
pected reference pathway. Thus, the patient can move freely as
intended if their posture is not largely different from the reference
posture.

4. Experiments

We implemented our proposed idea to the prototype (Fig. 1(a)) and con-
ducted a practical experiment with it. To confirm the efficiency of our pro-
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(a) Applied force and body movement vector (b) Body motion and its range

Fig. 5. Voluntary movement during standing

posed assistance control scheme, we tested three cases.

• Case1: Using only position control, without our proposed idea.
• Case2: Using our proposed idea (Fig. 6(a)).
• Case3: The same as case 2, but in this case, the subject tries to move
in a forward direction away from the designed standing motion
reference pathway (Fig. 6(b)).

We used five subjects and each subject attempted all three cases, five
times each. All subjects were young students who wore special equipment
to mimic the experience of the elderly,13 limiting the testers body motions.

As seen in Fig. 6, our prototype succeeds to assist the standing motion
even if the subject does not fit the reference pathway.

(a) Subject A, Case2 (b) Subject B, Case3

Fig. 6. Standing motion achieved using our proposed idea

Fig. 7(a) shows the variation in position of point P of subject A and
Fig. 7(b) shows the electromyography (EMG) of the biceps femoris muscle
that has been normalized by the maximum voluntary contraction. In case
1, the subject’s position fits the reference trajectory and this means our
robot does not allow the patient to move freely as intended. As a result,
the robot applies all required force for standing up to the subject and the
subject is not require to use their own physical strength, as Fig. 7(b).



June 20, 2018 12:10 WSPC - Proceedings Trim Size: 9in x 6in author

87

On the other hand, in case 2, the subject’s position does not fit the ref-
erence trajectory but is within the investigated tolerance range. This mean
our robot evaluates that the patient’s motion fulfills both the stability and
muscle conditions, and accepts the body motion of the patient even though
it does not fit the reference pathway. As the result, the robot does not apply
any unnecessary assistive force and succeeds in allowing the subject to use
their remaining physical strength during the process of standing up.

In case 3, once again the subject’s position does not fit the reference tra-
jectory and the subject tries to exceed the margin of tolerance. At points
when the subject moves within the tolerance range, our robot assists the
patient in the same manner as in case 2. However, as seen by the dashed
circle in Fig. 7(a), when the subject’s position exceeds the tolerance trajec-
tory and the patient’s motion does not fulfill both the stability and muscle
conditions, our robot changes the level of assistance control and as a result,
the subject’s position is returned to within the tolerance range. Further-
more, even in case 3, our robot allows the subject to use their own physical
strength, in contrast to case 1.

According to these results, our robot succeeds to provide assistance
to subjects while also allowing them to use their own physical strength.
Moreover our robot maintains the body balance during the standing up
process and our idea realizes a safe method of robotic assistance.

(a) P position (Subject A) (b) Maximum EMG during standing

Fig. 7. Experimental results

5. Conclusion

This paper proposes a novel standing assistance device, which allows pa-
tients to maximize the use of their physical strength. To realize this, we
investigated the motion tolerance of the standing posture, which fulfills
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both body balance and muscle force conditions. Furthermore, we proposed
a novel assistance control, which maintains body stability whilst using phys-
ical strength. We conducted practical experiments to confirm the efficiency
of the proposed idea implemented in our prototype of a robotic standing
assistance device.
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The present research shows the kinetic analysis of an ankle rehabilitator, the rehabilitation 
mechanism consists of a fixed platform in which there are two inverted delta robots linked 
a mobile platform, actuators are controlled by servomotors which provide six basic 
movements of ankle rehabilitation like dorsiflexion, plantar flexion, inversion, eversion, 
abduction and adduction, which was verified through a motion study and singularity 
analysis. The design of the rehabilitator is based on the establishment of a methodology 
that allows the development of a machine that achieves all the ergonomic, technological 
and quality requirements, using tools of computational mechanics that allowed generating 
a virtual model able to generate the required movements and supporting the mechanical 
stress generated. The mechanism was modeled in CAD software such as SolidWorks, with 
the virtual model is possible to analyze the inverse and direct kinematics determining the 
position and speed of the joints, for the selection of the servomotors the dynamic analysis 
was made, obtaining the accelerations, forces and torques using the MSC Adams software. 
For the analysis of deformations, normal stresses and shear forces, the CAE software such 
as ANSYS was used, which works on the basis of the finite element method, with its 
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Workbench platform and its structural analysis module. Finally, the machine was built 
using 3D printing and performance tests were carried out. 

1.   Robotic rehabilitation       

1.1.   Introduction 

The Lower limbs injuries and the ankle injuries are very frequent so they 
require highly qualified professionals for the rehabilitation process, making it 
necessary to develop machines that help the rehabilitation processes quickly and 
without risk to cause harm to the patient. 

By designing a system of inverted delta robots we can solve problems such 
as: efficiency in ankle rehabilitation, prolonged ankle rehabilitation without 
fatigue of the rehabilitator, suppling the demand of people that need of 
rehabilitation of the ankle and giving solution to athletes who usually suffer the 
ankle injuries and they need rehabilitation therapies. 

In the rehabilitation of the ankle, unique movements are generated, these 
movements describe the rehabilitation process of the ankle with mobility ranges, 
and these movements are described below: 

Dorsiflexion, plantar flexion, inversion, eversion, abduction / external 
rotation, adduction / internal rotation, these rehabilitation movements are shown 
in Figure 1 [13]. 

 
Figure 1. Ankle movements for rehabilitation process. 

 
Figure 1 shows the movements of ankle rehabilitation, these movements have 

permissible ranges, Table 1 shows the movements with the necessary ranges for 
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a correct rehabilitation process without causing harm to the patient, and the 
design of the robot for rehabilitation is based on the permissible ranges shown in 
Table1. 

 
Table 1. Range of movements for ankle rehabilitation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A parallel robot is composed of a final effector with n degrees of freedom 
and a fixed base, joined together by at least two independent kinematic chains. 
The robot is driven by n simple actuators [9]. Currently the development and 
applications of delta robots has been very different, due to its speed and precision 
being widely used in selection processes, 3D printers, etc. 
. 

1.2.   Design 

The design methodology includes the design procedures to get the proposed 
objective [5], [6], [11] and [12]. Figure 3 shows the following stages to get a 
robotic rehabilitator prototype: preliminary studies, conceptual design, 
specification design and materialization design. 

KIND OF MOVEMENT MAXIMUM 
ALLOWABLE 
MOVEMENT 

 
Dorsiflexion 20,3°-29,8° 

Plantar flexion 37,6°-45,8° 

Inversion 14,5°-22,0° 

Eversion 10,0°-17,0° 

Abduction/external rotation 15,4°-25,9° 

Adduction/internal rotation 22,0°-36,0° 
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Figure 3. Proposed methodology. 

Based in data from Table 1 the prototype allows to reach the movement for ankle 
rehabilitation.  
 The dorsiflexion movement reaches 25º of inclination of the platform. 
 The plantar flexion movement reaches 45.8 of inclination of the platform. 
  The investment movement reaches 19.5º of inclination of the platform. 
 The eversion movement reaches 15º inclination of the platform. 
  The abduction movement reaches 22º of inclination of the platform. 
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 The adduction movement reaches 30.06 º of inclination of the platform, 
Figure 4 shows this position. 

    
 
 
 
 
 
 
 
 
        

Figure 4. Maximum angle reached in plantar adduction movement by the robot 

 
Cinematic Analysis 

The resolution of the direct kinematic problem allows knowing which is the 
position (x, y, and z) and orientation (ߠ, ∅ and ߮) adopted by the effector of the 
robot when each of the variables that limit the orientation of its joints takes 
determined values, so that to solve a direct kinematic problem it will be given by 
the relations of position and speed: 

 
ݔ ൌ ௫݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ ݕ                        (1)	ሻݍ ൌ ௬݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ  ሻ   (2)ݍ

ݖ	 ൌ ௭݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ ∅                 ሻ    (3)ݍ ൌ ఈ݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ  ሻ    (4)ݍ

ߠ ൌ ఉ݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ ߮                 ሻ    (5)ݍ ൌ ఊ݂ሺݍଵ, ,ଶݍ ,ଷݍ ,ସݍ ,ହݍ    ሻ    (6)ݍ

ሶݔ			 ൌ 	
߲ ௫݂

ݍ߲



ଵ

ሶݕ																					ሺ7ሻ																															ሶݍ	 ൌ 	
߲ ௬݂

ݍ߲



ଵ

 					ሺ8ሻ																															ሶݍ	

ሶݖ		 ൌ 	
߲ ௭݂

ݍ߲



ଵ

∅ሶ																					ሺ9ሻ																																ሶݍ	 ൌ 	
߲ ∅݂

ݍ߲



ଵ

 				ሺ10ሻ																																ሶݍ	

ሶߠ ൌ 	
߲ ఏ݂
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ଵ

																			ሺ11ሻ																															ሶݍ	 ሶ߮ ൌ 	
߲ ఝ݂

ݍ߲



ଵ

 	ሺ12ሻ																															ሶݍ	

 
Based on the equations shown, Figure 5 shows the complete kinematic 

analysis of all the actuators based on the position of the final effector generated 
by MSC Adams. 

30.06o
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Figure 5. Kinematic analysis based on the position of the final effector generated by MSC Adams. 

 
The kinematic analysis of the delta parallel robot allows demonstrating all 

the ranges of movement required in the ankle rehabilitation, besides the speeds 
and accelerations are within the permissible range provided by specialists in ankle 
rehabilitation. 

 
Dynamic Analysis 

The dynamic studies the forces that act on an object and the movement 
generated in it. (Barrientos, 2007). For the calculation of the dynamic model of a 
system of articulated links, the Lagrangian formulation established by the 
equations shown below will be used. 

ܮ ൌ ܧ െ                       (13)ܧ

߬ ൌ 	
݀
ݐ݀
	
ܮ߲
ሶݍ߲

െ 	
ܮ߲
ሶݍ߲

											ሺ14ሻ 

 
Where:  
 is the Lagrangian function ܮ
  is the kinetic energyܧ
  is the potential energyܧ
  corresponds to the coordinates of the jointsݍ
߬ is the torque applied to the degree of freedom  ݍ 
 

The dynamic simulation of the robot allows knowing what type of actuator is 
required to achieve the movements in the rehabilitation process. In the simulation, 
a static load of 100 N is considered as a reference value. Figure 6 shows the 
Torque-Speed curves of the different actuators of the robot, the curves allow to 
select the motors for the control. 

 

q1 

q2 

q3 

q4 

q5 

q6 
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Figure 6. Dynamic analysis generated by MSC Adams. 

 

Mechanical strength analysis  

Finite element method (MEF) is a numerical method for the approach of 
solutions of complicated partial differential equations used in various engineering 
problems. Figure 7 shows the deformation due to the load of 100N, the simulation 
was generated in the ANSYS software where the deformation ranges can be 
verified due to the load. 

 
 
Figure 7. Deformation of the robot due to the static load of 100N. 

 

2.   Results 

Results of kinematic analysis:  
 The results obtained from the kinematic analysis are as follows: The 

maximum angular velocity of the actuator_1 is 63.15 deg. / s, the maximum 
angular velocity of the actuator_2 is 58.58 deg. / s, the maximum angular 
velocity of the actuator_3 is 53.46 deg. / s, depending on the position of the 
effector_1 which is 407.342 mm. 

 The maximum speed of the actuator_4 is 34.0488 mm. / s, the maximum 
speed of the actuator_6 is 23.7753 mm. / s depending on the position of the 
effector_2 which is 174.029 mm. the maximum speed of the actuator_5 is 
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24.5336 deg. / s, depending on the position of the effector_2 which is 
181.4925 mm. 
 
Dynamic analysis results:  

 The results of the dynamic analysis are described below: The maximum 
torque reached by motor_01 is 1559.7509 N mm. The maximum torque 
reached by the motor_02 is 2633.2061 N mm. The maximum torque reached 
by the motor_03 is 4689.27 N mm the maximum torque reached by the 
motor_04 is 3595.1272 N mm. The maximum torque reached by the 
motor_05 is 2594.1011 N mm. These values are given as a function of time, 
the maximum value being that of motor_03, this value helps us to select the 
actuators for the robot. 
 
Results of resistance analysis:  

 The analysis of mechanical resistance of the delta robot, where the maximum 
deformation is 0.16177 mm with a load of 100N and the composition of 
Aluminum with density = 2770 kg / m3 shows that the structure will work 
properly without suffering damage and the equivalent effort von Mises: 
21,912Mpa MAX - 1,2083 x 10-8Mpa MIN. 

 
Tests on the prototype 

 The tests in the prototype show that the generated simulations were adequate 
for the design, obtaining that the prototype generates the necessary 
movements for the rehabilitation of the ankle. 

 

             
Figure 8. Prototype of ankle rehabilitator generated by 3d impression. 
 

z 

x 

y 
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BODY DESIGN OF TENDON-DRIVEN JUMPING ROBOT

USING SINGLE ACTUATOR AND WIRE SET

T. TAKUMA∗, K. TAKAI∗, Y. IWAKIRI∗ and W. KASE∗

∗Osaka Institute of Technology,
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E-mail: takashi.takuma@oit.ac.jp

Although a mechanism in which a single actuator and a wire passing through
pulleys drive the joints is a strong candidate for realizing the dynamic behavior
because of its appropriate weight and simple mechanism, the problem arises
that the position of the pulley influences the dynamic behavior. This paper is
focused on vertical jumping. In our research, we searched an appropriate set
of positions of a pulley considering the practical development of the robot and
derived the relationship between the position of the pulley and the force on the
tips of the robot’s foot for jumping. Simulation results suggest the possibility
that some sets of positions allow an error in the attachment of the pulley, and
the derived relationship indicates that the ratio of the pulling force of wire and
vertical force on the ground strongly constrain the position of the pulley.

Keywords: Tendon-driven robot, vertical jumping, body design

1. Introduction

One of the challenging issues presented by the design of legged robots is

the realization of dynamic motion, such as jumping and running. In order

to lift a heavy robot body, in conventional approaches, an electric servo

motor drives each joint. However, a motor that generates relatively high

force is heavy and further increases the robot’s weight, which causes its

joints or motor to break. One of the key mechanisms for achieving such

a motion is a body design in which the robot is equipped with a minimal

number of an actuator. For realizing a robot driven by minimal number of

actautor, Günter and Iida proposed a unique monopod hopper equipped

with a large curved foot driven by only one motor.1 In many studies, an

interlock mechanism using light weight elastic materials was adopted2,3 A

tendon-driven system in which a wire to drive the joint(s) is pulled by an

actuator is a suitable mechanism for achieving a light weight robot. In such

a tendon-driven mechanism, the wire passes through pulleys attached on

the links, and torques to rotate the joints are generated, depending on three

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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factors: the amount of pulling force, the length of the moment arm between

the joint and the pulley, and the angle between the moment arm and the

direction of the pulling force. Therefore, it is very important to examine

the position of the pulley, which determines the angle between the moment

arm and the pulling force.

By utilizing a tendon-driven mechanism, we aim to achieve successful

vertical jumping. In this study, we investigated two issues related to the

design of the tendon-driven robot, in particular to the position of the pulley:

searching the position of the pulley for realizing the vertical jumping, and

the formulation of a relationship between the position of the pulley and the

force added on the toe for determining candidates of the pulley position. To

examine the former issue, a simulation was conducted. In the simulation,

an appropriate set of the possible positions of the pulley was searched, and

the area in which the appropriate pulley positions were gathered was then

extracted considering the practical development of the robot. To address

the latter issue, we determined the condition of the position of the pulley

required to realize vertical jumping by utilizing a mathematical model of

the position of the pulley and the reaction force at the working point.

2. Model configuration

2.1. Frame model

Figure 1(a) shows the frame of the robot and the driving mechanism con-

sisting of a single actuator and a wire set. The model has four links: the

trunk, thigh, shank, and foot. It has three joints: the hip, knee, and ankle.

The lengths of the links are denoted by l1 – l4, respectively, and torques

of the hip, knee, and ankle are denoted by τ1, τ2, and τ3, respectively. The

angle is denoted by θi. For further simulation and derivation of the rela-

tionship between the positions of the pulley and a reaction force, we set

the coordinate system Σ0: the origin is set on the tips of the trunk, the Y0

axis is set along the trunk link, and the X0 axis is perpendicular to the Y0

axis, as shown in Figure 1(b). The positions of the pulley and end point of

the wire are labeled P a
i (i = 0, 1, 2, 3) and the joints are labeled Pj (j =

1, 2, 3). Note that the point where the wire is attached to the actuator is

P a
0 and the other endpoint of the wire is P a

3 . P
a
1 is attached to the thigh

and P a
2 is attached to the shank link. In this paper, the position of the at-

taching point P a
0 did not move when the actuator pulled the wire, although

the actual linear actuator does move while pulling the wire. P1, P2, and P3

correspond to the hip, knee, and ankle joint, respectively. The coordinate of
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P a
i is defined based on Σ0 when the model stands vertical to the ground as

(xt, yt)
T , (xh, yh)

T , (xk, yk)
T , and (xa, ya)

T [mm], respectively. The coordi-

nate of Pj is also defined based on Σ0 as (x1, y1)
T , (x2, y2)

T , and (x3, y3)
T

[mm], respectively. As shown in the figure, the pulley or endpoint is set at

the front side when x∗(∗ = t, h, k, a) > 0. y∗ is negative when the pulley or

endpoint is set below the origin of Σ0. ek (k = 1, 2, 3) is a unit vector of

tensional force on the pulley P a
i and T is the magnitude of pulling force of

the actuator.

P1
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t2

t3

P3

P2

P0

P2

P3

Te2
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q2

q3

Te1

Te3
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(a) Joint configuration, position of pul-
ley, joint angle, and torque
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P (x , y )0 t t

P (x , y )3 a a
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P (x , y )3 3 3

a

a

a

a

(b) Definition of coordinate sys-
tem

Fig. 1. Tendon-driven jumping robot using single set of actuator and wire

2.2. Relationship between joint angles and joint torques

The joints are driven by the force applied on the pulley. The joint torque

is determined by the amount of pulling force T , the length of moment arm

between the joint and the pulley, and the angle between the moment arm

and the direction of pulling force. Higashimori et al. derived the torques

for such a tendon-driven mechanism4 with a single wire and actuator. In

their study, the radius of the pulley is assumed to be non-zero, that is,

the pulley was assumed to have a certain volume. For simple expression, in

this paper, it was assumes that the radius of the pulley is infinitely small.

Following this assumption, the relationship between the position of pulley

and torques are expressed by modifying Higashimori’s equation as




τ1
τ2
τ3


 = −T




(pa

1
− p1)⊗ e

b

1
− (pa

2
− p2)⊗ e

b

2

(pa

2
− p2)⊗ e

b

2
− (pa

3
− p3)⊗ e

b

3

(pa

3
− p3)⊗ e

b

3


 , (1)
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where pai is the position vector of P a
i , and pj is that of Pj . e

b
i is a unit

vector from P a
i to P a

i−1. ⊗ is the operator as

(x1, y1)
T ⊗ (x2, y2)

T = x1y2 − y1x2

We assume that the weights of pulley and wire are zero, and the model is

constructed on a sagittal plane.

2.3. Simulation model

Fig. 2. Snap shot of
the simulation

To search an appropriate set of the position of the

pulley, a simulation using the Open Dynamics En-

gine5 was conducted. In the simulation, the size and

mass of each link were determined, as in Table 1, sup-

posing that the link is made of ABS, the density of

which is lower than that of metal. The joint torque

was calculated by following Equation (1). Figure 2

shows an illustration of the simulation. We supposed

that a physical pneumatic actuator (SMC CDUJ6-

30DM) is adopted as the linear actuator in the frame

shown in Figure 1(a), and we set the tensional force T

as 10 N by referring to the data sheet of the actuator.

Table 1. Link size (width × depth × height) [mm] and weight [g]

Link Size [mm] Weight [g]

Actuator 13.0 × 20.0 × 48.0 28

Trunk 10.0 × 20.0 × 125.0 17

Thigh 30.0 × 20.0 × 113.75 25

Shank 20.0 × 20.0 × 81.25 15

Foot 60.0 × 20.0 × 15.0 17

3. Simulation

3.1. Simulation setup

In the simulation, the positions of the pulley P a
1 and P a

2 were changed

within a certain area, and we observed whether the model successfully

achieves a jumping motion. The results of the test trials showed that

the robot achieved the jumping motion successfully when the parameters

were set within a certain range. Therefore, the parameters were searched

for 0≤ xh ≤ 30, -125≤ yh ≤-95, -15≤ xk ≤15, and -238.75≤ yk ≤-

208.75 mm at 1.5 mm intervals. The height of a jump was determined as

min(max(zp(t)),max(zt(t))), where zp(t) is the height of the heel (pastern)
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from the ground and zt(t) is that of the toe, min(a, b) is smaller value of

a and b, and max(c(t)) is highest value of c during the jump; that is, the

height is defined as the smaller of the values of the highest position of the

heel and toe. The position of P a
0 , the origin of pulling force, was fixed at

(-11.5, -78.0). The position of the endpoint of the wire P a
3 was also fixed at

(-15.0, -320.0). We observed whether the robot achieves successful jumping,

i.e., it lifts off and lands without falling down, and whether the height of

the jump is over 200 mm. Before its lift off, the angles of the robot’s joints

were set as θ1 = 120◦, θ2 = −100◦, and θ3 = 140◦. In order to ready the

robot for landing after lifting off, the joints were controlled with a small

actuation as

τ̂i = −Kpl(θm − θdm)−Kdlθ̇m,

where θm(m = 1, 2, 3) is the joint angle and θdm is the initial angle of the

joints, that is, θd1 = 120◦, θd2 = −100◦, and θd3 = 140◦. The gains Kpl and

Kdl are sufficiently small not to hinder the torque generated by the pulling

wire (Equation (1)), 0.01 Nm/rad and 0.001 Nm/(rad/s), respectively. Note

that the torque τ̂i and the torque τi explained in Equation(1) are added

when the foot contacts on the ground, and only τ̂i is added after the foot

leaves the ground. We assumed that the mass of pulley is zero.

3.2. Simulation results

In the simulation, the parameters xh, yh, xk, and yk were varied, and the

results showed that 658 sets of parameters allow the robot to jump success-

fully; that is, there exist 658 solutions in the 4 dimensional xh, yh, xk, and

yk space. In the practical installation of the pulleys, a position error because

of technical problems such as the radius of the hole to attach the pulley

should be allowed. Therefore, among the 658 solutions in the four dimen-

sions, we searched a group of solutions in which the distance between the

neighbor solutions is very small, i.e., the position error is allowed. In order

to search such an area, we adopted cluster analysis using Ward’s method

and Euclidean distance, and we did not perform normalization. Table 2

shows the means (M) and standard deviations (SD) of four larger clusters.

The largest, and the second, third and fourth largest clusters contain 273,

165, 126, and 93 solutions, respectively. Those clusters are labeled as Clus-

ter 1 to 4, respectively. The results indicate two points. One is that the

areas that allow a position error are distributed. Considering that the posi-

tion of the hip joint is (0,−125) and that of the knee joint is (0,−238.75),

the distances of P a
1 from the hip joint in Cluster 1 and 3 are longer than
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those in 2 and 4. The positions of P a
k in Cluster 1 and 2 are set at the

rear of the knee joint, and those in Cluster 3 and 4 are set at the front

of the knee joint. The variation in the SD explains the allowance of each

parameter. For example, in Cluster 3, the SD of xk is larger than that of

yk. This means that the position error in this cluster is allowed along the

horizontal direction and is not allowed to some degree along the vertical

direction.
Table 2. Means and standard deviations of parameters

xh[mm] yh[mm] xk[mm] yk[mm]
M(SD) M(SD) M(SD) M(SD)

Cluster 1 25.7(3.2) -102.5(4.6) -5.6(4.8) -217.85(4.3)

Cluster 2 13.4(4.5) -97.2(2.9) -5.5(3.5) -220.85(2.2)

Cluster 3 24.3(3.6) -97.3(2.5) 8.6(4.3) -223.75(2.3)

Cluster 4 14.0(5.9) -100.4(4.6) 11.7(3.0) -215.25(5.9)

4. Mathematical model

In the last section, we checked whether the proposed mechanism achieves

successful jumping by utilizing the dynamics simulation. However, in order

to investigate an appropriate set of pulley positions, it is important to derive

a numerical model. In order to derive the numerical model, we have some

assumption. On is that the model is constrained on the sagittal plane. The

other is that the interaction between the robot and the ground is occurred

instantly and the joint angles are not changed. We also have an assump-

tion that the link moments are ignored. In order to derive a mathematical

model of jumping, we applied an assumption that the joint angles are not

changed during the lifting off motion and the reaction force is added at the

toe because the interaction between the robot and the ground occurs in-

stantaneously. We also applied the condition that the reaction force on the

toe should be vertical and the projection of the center of mass (CoM) on the

ground should correspond to the toe; otherwise, the robot tumbles while in

the air. Based on this condition, the joint angles are strongly constrained,

and we examined the position of the pulley that provides a vertical reaction

force without a horizontal force being exerted on the toe following the as-

sumption. Figure 3(a) shows the relationship between the joint torques and

the force on the toe. The horizontal and vertical forces generated by the

joint torque are expressed as Fx and Fy , respectively. Following the prin-

ciple of virtual work, the relationship between the joint torque (τ1, τ2, τ3)
T

and (Fx, Fy)
T is expressed as



τ1
τ2
τ3


 = τ = Jω

TR

(
Fx

Fy

)
. Jω =

(
∂x
∂θ1

∂x
∂θ2

∂x
∂θ3

∂y
∂θ1

∂y
∂θ2

∂y
∂θ3

)
, (2)
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where (x, y) is the position of the toe. The elements of matrix Jω are ex-

pressed from

x = l2 sin θ1 + l3 sin(θ1 + θ2) + l4 sin(θ1 + θ2 + θ3),

y = −l1 − l2 cos θ1 − l3 cos(θ1 + θ2)− l4 cos(θ1 + θ2 + θ3)

R is the rotation matrix from the force based on Σ0 to (Fx, Fy)
T ,

R =

(
sinΘ cosΘ

− cosΘ sinΘ

)
, Θ = θ1 + θ2 + θ3.

S0
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l3

l2
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a

a

b

(b) Distance from joint to the line be-
tween P a

i and P a
i−1

Fig. 3. Posture of the model and distance between the joint and the wire

Considering that the vector ebi in Equation (1) is the unit vector, the

term of (pa
i − pi)⊗ ebi(i = 1, 2, 3) is deformed as

(pa
i − pi)⊗ ebi = |pa

i − pi| sinφ
def
= Li, (3)

where φ is the angle between pa
i − pi and ei (see Figure 3(b)). Therefore,

the term Lu is expressed by the length between the line of P a
i−1 and P a

i

and the joint Pi. By substituting Fx = 0, in which the horizontal force does

not occur, the length of Li is expressed as



L1 − L2

L2 − L3

L3


 = K




l2 cos(θ2 + θ3) + l3 cos θ3 + l4
l3 cos θ3 + l4

l4


 , (4)

where K = −Fy/T > 0 is the ratio of the force of pulling wire T and the

reaction force from the ground −Fy. From the third row, the length L3 is

obtained when K is determined. From the second row, L2 is automatically
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obtained when the joint angles that satisfy the condition of the CoM are

determined. From the first row, L3 is also obtained. Because the positions

of end points P a
0 and P a

3 are fixed, the positions of P a
1 and P a

2 are strongly

constrained by the condition of L1, L2, and L3. For example, position P a
2

should be set so that the distance between the line of P a
3 and P a

2 and the

joint P3 is L3. Therefore, we conclude that the candidate positions of the

pulley that generates vertical force are limited when the value of K is set.

5. Conclusion

This paper addressed a legged jumping robot, the joints of which are driven

by a single wire and actuator. The wire passes through pulleys attached on

each link and the joints are driven by pulling the wire. Although the weight

of this mechanism is appropriate and the mechanism is simple and compact,

the positions of pulley influence the dynamic behavior. This paper suggested

a design principle for a tendon-driven joint mechanism considering of a

single wire and actuator set for vertical jumping. A simulation utilizing a

physical engine showed that there are some areas that allow an error in the

position of the pulleys, which will facilitate the practical development of the

robot. We also found that the area is not isotropic and an error is allowed

along a certain direction and is not allowed in some extent along the other

direction. We also derived a procedure for determining the appropriate

pulley positions. In order to verify the validity of the simulation results and

mathematical models, we intend to develop a physical robot in the future.
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This paper introduces SLIDER, a new bipedal robot featuring knee-less legs

and vertical hip sliding motion. Its non-anthropomorphic design has several
advantages over the conventional anthropomorphic leg design. The lack of knees

reduces the overall leg weight to only 3 kg and also reduces the moment of
inertia of the leg rotation. SLIDER’s ultra-lightweight legs make it suitable for

agile locomotion. To test the design, we created a dynamic model of SLIDER

in Gazebo and implemented a two-stage walking pattern generator, achieving
a walking speed of 0.18 m/s in simulation. A physical prototype of SLIDER is

currently under construction for real-world testing.

Keywords: Bipedal Walking, Legged Robot Design, Gait Pattern Generation

1. Introduction

Legged robots have advantage over wheeled ones because they can operate

on rough terrain. In recent years legged robots have attracted a lot of atten-

tion and the research on legged robots has significantly intensified with a

number of advanced robots being produced, including Atlas (2), Cassie (3),

and TORO (5). However, most of the current legged robots still use the con-

ventional anthropomorphic design, in which the knee actuator is mounted

somewhere on the thigh, making the leg relatively heavy. This design either

limits the robot’s ability to perform agile locomotion (jumping, hopping,

fast stepping etc.) or needs powerful motors to accomplish these motions

(2) (6). We introduce our bipedal robot SLIDER, which has knee-less legs

and vertical hip sliding motion. This new and non-anthropomorphic design

enables SLIDER to have very lightweight legs and to perform agile loco-

motion with relatively small power. Hodgins et.al (7) made a simple planar

biped utilizing the idea of straight legs, but that robot only has three de-

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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(a) (b)

Fig. 1: An overview of SLIDER (a) Diagram of the SLIDER concept. (b)

A rendering CAD model of SLIDER, showing all degrees of freedom

grees of freedom (DOF) and lacks the hip roll and also the ankle actuation.

Schaft (4) released a video with a knee-less leg design, however the design

details are unknown. To the best of our knowledge, there is no existing

bipedal robot design similar to SLIDER in the published research.

The purpose of building SLIDER is to explore novel designs as well as

novel actuation mechanisms for bipedal robots. A second motivation is that

SLIDER can serve as an experimental platform for developing control and

machine learning algorithms for agile locomotion. To validate SLIDER’s

design, we created a dynamics model in Gazebo and implemented a two-

stage walking pattern generator developed by Przemyslaw et. al (9), making

SLIDER walk very stably at 0.18 m/s in simulation.

This paper is organized as follows: Section 2 gives an overview on

SLIDER’s mechanical design, also this section compares SLIDER’s design

with the anthropomorphic leg design. In Section 3, we briefly outline the

gait pattern generation used for SLIDER walking and describe the result

in simulation. In Section 4 we conclude the paper and give the future work.

2. Overview of SLIDER’s Design

SLIDER is a bipedal walking robot with ultra-lightweight legs. It has a

height of 96 cm and a width of 50 cm, with a total weight of only 18 kg, an

overview of the robot is shown in Fig 1a. Currently each leg has 4 DOF: hip

pitch, hip roll, vertical hip slide and ankle pitch, resulting in 8 DOF in total,

as shown in Fig 1b. Compared with the conventional anthropomorphic leg,

SLIDER’s leg doesn’t have knees and has a vertical hip sliding motion.
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2.1. Mechanical Design

Table 1: SLIDER joint specifications

Joint Gear Ratio Gearbox Type

Hip Pitch 1:24 Spur gear

Hip Slide 1:4 Spur gear and belt
Hip Roll 1:36 2 stage cycloid

Ankle Pitch 1:16 1 stage cycloid

The pelvis is located at the center, holds the electronics and carries the

payload. The hip gearbox is connected with the pelvis and the leg, which

houses the motors and transmissions for the hip pitch joint and the vertical

hip slide joint. The hip slide joint has a gear ratio of 1:6 and is actuated

using a pulley and tensioned belt. The hip pitch joint is achieved with a

gear ratio of 1:24 using a second, concentric shaft, bolted onto the side of

the leg. Figure 2a shows the inner view of the gearbox and illustrates the

transmission of hip slide and hip pitch. To make the design of SLIDER

compact and to directly drive and swing the gearbox, we placed the hip

roll on the st side of the gearbox, as is shown in Figure 2b and Figure

1b. A stationary bracket holds the hip roll motor and the transmission in

place. A direct cycloidal drive with a ratio of 1:36 is employed in the hip

roll transmission, chosen for shock handling and to minimize the bracket

length. Furthermore, this hip roll design is also easily adaptable to integrate

hip yaw, which will be potentially added.

To minimize the weight of the robot we use carbon fibre rods for the

whole leg, which weights only 3 kg. The robot’s hip sliding mechanism is

inspired by the pulley based linear actuator: two timing belts are adhered at

two sides of each leg, turning the leg into a two-sided rack in configuration

with several pinions on either side. A 3D printed casing houses three pinions

used for moving along the belt and the casing is connected with the inner

shaft from the hip gearbox, as is shown in Figure 3a. Using a timing belt is

more lightweight and the three-pinion configuration lets pinions get more

contact with the belt and avoid the skipping of belt teeth.

The ankle pitch actuation is implemented by a parallel rod driven mech-

anism which is similar to the ankle pitch design of ASIMO (6). One rod is

attached to the back of the foot. By moving the rod the ankle pitch angle

can be adjusted, as is shown in Figure 3b. The feet are 3D printed and have
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(a) (b)

Fig. 2: (a) The inner view of the hip gearbox, it shows the transmission of

vertical hip slide and hip pitch. (b) A side view of the gear motorbox and

the hip roll transmission.

(a) (b)

Fig. 3: (a) The pulley belt vertical hip slide design which has a three pinion

configuration. (b) The rendering of the 1 DOF ankle.

an elongated shape with a length of 20cm. See Table 1 for a summary of

all joint specifications.

2.2. Comparison of SLIDER’s design with conventional

anthropomorphic bipedal robot design

The novel mechanical design of SLIDER, which has knee-less legs and ver-

tical sliding motion, has several advantages over the conventional anthropo-

morphic leg design. In the SLIDER design we put both hip pitch joint and

vertical hip slide joint off the leg and in the pelvis, and straight legs are used

instead of the anthropomorphic legs which have knees. With this design we

reduce 1 DOF of the leg and remove the need for having the motor and the
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Table 2: Comparison of the SLIDER design with the anthropomorphic

bipedal robot design

Anthropomorphic Design SLIDER Design

DOFs on the leg 2 (1 on the knee 1 (1 on the ankle)
and 1 on the ankle)

Vertical Compliance with No Yes

Straight Legs
Occurrence of Singularity When legs are straight None

Required joint range of ankle pitch Large Small

Compactness of the Hip More compact Less compact
Social Acceptance Easier Harder

transmission for the knee, thus making the leg more lightweight. Moreover,

while the knees on anthropomorphic legs require a compact transmission

design which is expensive, the cost can be reduced. Another major advan-

tage of SLIDER is that it has vertical compliance even if the leg is straight.

This is not possible with conventional anthropomorphic bipedal robot de-

sign. Even if passive compliance is used (e.g. springs in the knee joints (11)

(12)) when the leg is straight the impact force is transmitted directly to

the hip, bypassing the knee springs. This means that the cushioning effect

of the springs is lost when the leg is straight. In comparison, by adding a

spring on the vertical hip slide joint of SLIDER, the robot can have the ver-

tical compliance at any configurations of the leg. Furthermore, the straight

leg of SLIDER also avoids the problem of singularity which happens to the

conventional anthropomorphic bipedal robots when they stretch their legs

fully.

There are more benefits of using the novel mechanical design: the re-

quired joint range of SLIDER’s ankle pitch motion during walking is smaller

than that of the anthropomorphic robots. The geometric compactness of

SLIDER’s straight legs makes SLIDER less prone to hit stairs than the

anthropomorphic robots in the task of stair climbing.

We have to mention that there are drawbacks of the new design of

SLIDER. There may be a problem with the social acceptance of the robot,

because it is less human-like. Furthermore, while the design of SLIDER

simplifies the structure of the leg, it makes the structure of the hip more

complex by adding the vertical hip sliding joint. In addition, the straight

legs of SLIDER have no knees to bend, making SLIDER harder to stand

up after falling. Nevertheless, the knee-less leg design enables SLIDER to
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(a) (b)

Fig. 4: (a) Overview of the flow of the two-stage pattern generation. The

input to the system is an average CoM velocity during individual steps. The

first stage uses Linear Inverted Pendulum model to plan the position of feet

in sagittal and frontal plane, as well as step time. The second stage based

on these information and uses more accurate Multi-Body System model to

generate the final gait pattern. (b) the SLIDER simulation in Gazebo.

have lighter legs, making it better equipped to agile locomotion. Table 2

summarizes the difference between the SLIDER design and the conventional

anthropomorphic bipedal robot design.

3. Control Strategy and Simulation Result

This section introduces the walking controller implemented for SLIDER.

For generating walking gaits we used a two-stage dynamically consistent

procedure (9) which is shown in Fig 4a.

At the first stage, given the average velocity of Center of Mass (CoM)

as input, a simplified Linear Inverted Pendulum (LIP) model is used for

step planning of foot position in frontal and sagittal plane as well as for

tuning the step time.

The location of foot in time and the CoM trajectory generated from

the first stage is then passed to the second stage which generates reference

joint trajectories of SLIDER. At the second stage we used the Multi-Body

System (MBS) model which approximates the system more accurate than

the LIP model. Firstly the Zero Moment Point (ZMP) is calculated by the

following equation:

ZMP ref
x = x− z

g
ẍ

where ZMP ref
x is the reference ZMP at x direction. Then a preview con-

troller developed by Kajita et.al (8) (10) is used to compensate the discrep-

ancies between the simplified LIP model and MBS model. The reference
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trajectories computed from the preview controller are used as an input to

the inverse kinematics which eventually calculates the individual reference

joint position. A PD controller is used in each joint to follow the reference

trajectory.

To validate the walking capability of SLIDER, we simulated the dynam-

ics of SLIDER in MATLAB. Results show that SLIDER’s ZMP has little

difference with the referenced ZMP, indicating the chosen control method

working well for SLIDER. Moreover, we created a model in Gazebo which

has the same kinematic and dynamic properties as the physical version

of SLIDER, see Figure 4b. By employing the same control strategy men-

tioned above, the robot can walk stably with a speed of 0.18 m/s in Gazebo

simulation. A video of this walk is available at (1).

4. Conclusion

This paper introduces our ongoing work on SLIDER: a new bipedal walking

robot with knee-less legs and vertical hip sliding motion. Its mechanical de-

sign is described and a comparison with the conventional anthropomorphic

design shows that SLIDER has much lighter legs which is suitable for agile

locomotion. Moreover, we also show that by using a two-stage gait pattern

generator SLIDER can walk stably in simulation.

In the future, we will continue building the physical robot prototype

and test it in the real world. Also, we plan to add an additional degree

of freedom in the ankle (roll) and in the hip (yaw). Furthermore, force

sensors will be added on the bottom of the feet for calculating the center

of pressure. ZMP feedback will be added to the control loop for online gait

generation and the controller will be implemented on the physical robot.
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In this study, an optimization method of feedback control inputs for a posture control of a 
six-legged robot was developed. The authors had proposed a method to control using an 
optimum servo system as a posture control method of a six-legged robot. As a problem of 
this method, because the feedback (FB) gain was switched at the time of switching the 
swing leg, the control inputs becomes discontinuous and there was a problem that the 
posture variation increases. After that, FB inputs of the thigh link obtained by optimum 
servo system were optimized. Then, we design a control system that suppressed the posture 
variation that occurs during swing leg switching. The effectiveness of the proposed control 
method was confirmed using a 3D model of a six-legged robot. 

   Keywords : Six-legged robot; Posture control; Optimization; Optimum servo control 

1.   Introduction 

Multi-legged robots can operate under extreme conditions where it is difficult for 
humans to work. Walking robots are considered to be active on uneven terrain, 
and posture control is important for walking. In terms of posture control, there are 
studies that examined the subject from the perspective of control methods that 
consider robot dynamics [1][2]. In one such study [2], the authors used a six-
legged robot with a leg mechanism proposed by Hirose et al. [3] to investigate a 
posture control method. The body height, pitching angle, and rolling angle were 
controlled by the thigh link during walking with support legs, and a 3D simulation 
was used to demonstrate the method's effectiveness. As a problem of this method, 
because the feedback (FB) gain is switched at the time of switching the swing leg, 
the control inputs becomes discontinuous and there is a problem that the posture 
variation increases. In this study, we construct an optimal servo system using a 
mathematical model considering the dynamics of the thigh link proposed by the 
authors. Moreover, FB inputs of the thigh link obtained by optimum servo system 
are optimized. Then, we design a control system that reduces the posture variation 
that occurs during swing leg switching. The effectiveness of the proposed control 
method is confirmed using a 3D model of a six-legged robot. 
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2.   Six-Legged Robot 

Figure 1 shows the six-legged robot used in this study. Each leg of the six-legged 
robot consists of three joints, a rotating part, a thigh part, and a shank part. Table 
1 shows the dimensions of the six-legged robot. 

    
  Fig. 1 3D CAD model of a 6-legged robot 

3.   Walking Planning 

The effectiveness of the proposed control method is verified by the walking 
pattern of five support legs and one swinging leg. Walking period is 9 sec. Figure 
2 shows Leg number and Figure 3 shows walking pattern.  
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Fig.2 Leg number and position Fig.3 Walking pattern 

4.   Posture Control Method [4] 

4.1.   Mathematical Model of the Thigh Link 

The thigh links are driven by the DC motor in this study, and the DC motor is 
controlled by the current. The equilibrium equation of the torque becomes the next 
equation for the thigh link shown in Figure 4. 

 ܶ ൌ ݅ܭ ൌ ܬ
ௗమఏమ
ௗ௧మ

 ܿ
ௗఏమ
ௗ௧

  ଶ (1)ߠݏ݈௧ܿܨ

Height 500 mm 
Length of  

Thigh 
168 mm 

Length 666 mm 
Length of 

Shank 
312 mm 

Width 710 mm 
Moment of 

Inertia Iz 
1.966 
kgm2 

Weight 24.9 kg 

Table 1 Robot dimensions 
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4.2.   Mathematical Model from the Input of the Thigh Link to the 

Posture of the Body 

The force ܨ in the perpendicular direction of the supporting leg is given by the 
following equation: 

ܨ  ൌ ଶߠ݊݅ݏ݈௧൛ܭ െ ଶ൯ൟߠ∆൫݊݅ݏ   ଶ (2)ߠݏሶଶ݈௧ܿߠܥ
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Fig.4 Relationship between the angle of thigh Fig.5 Three parameters of a six-legged robot for 
    and the force in the perpendicular direction posture control 
    of  the supporting leg 

Moreover, the height, and the pitching and rolling angles of the body are 
controlled by controlling the force in the vertical direction of the support leg. The 
motion equations of the force and the moment equilibrium in the vertical direction 
and the pitching and rolling axes in the case of support by six legs are given by 
Eq. (3) [2][4]. Fig.5 shows the controlling parameters of the body posture. 

 ቐ

ሷݖܯ ൌ ଵܨ  ଶܨ  ଷܨ  ସܨ  ହܨ  ܨ െ݃ܯ
ሷߠܫ ൌ ଵܨଵݕ  ଶܨଶݕ  ଷܨଷݕ  ସܨସݕ  ହܨହݕ  ܨݕ
ሷߠܫ ൌ ଵܨଵݔ  ଶܨଶݔ  ଷܨଷݔ  ସܨସݔ  ହܨହݔ  ܨݔ

 (3) 

Here, it should be noted that the thigh link range of movement used in this study 
is –30° to +30°,  ߠଶ is linearized at zero degrees. Substituting Eq. (1) and (2) for 
Eq.(3), and, by defining the 18th order state value  ݔ ൌ ሾݔଵଵ, ⋯,ଵଶݔ , ,ଵݔ  	,ଶݔ
,ݖ ,ߠ ,ߠ ,ሶݖ ,ሶߠ  ሶ൧ which consist of the state values of each thigh link, pitchingߠ
and rolling angles, the height of the body and their velocity, the following state 
equation is obtained. In Eq.(4), explanations of ܣ, ,ܤ ,ܥ ݀	ܽ݊݀	݂ are omitted. 

ሻݐሶሺݔ  ൌ ሻݐሺݔܣ  ሻݐሺݑܤ  ݀݃  ݂  (4-a) 

ሻݐሺݕ  ൌ  ሻ (4-b)ݐሺݔܥ
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4.3.   Posture Control Method 

The servo system that the system shown by Eq. (4) follows to the desired value 
is designed. 

 ൜
ሻݐሶሺݖ ൌ ሻݐሺݎ െ ሻݐሺݔܥ

ሶݔ ሺݐሻ ൌ ሻݐሺݔܣ  ሻݐሺݑܤ  ݀݃  ݂
 (5) 

Equation (5) is described in equation form as follows: 

ሻݐሶሺݔ  ൌ ݔܣ  ݑܤ  ݀݃  ݂  ݁(6) ݎ 

The control input to the actuator driving the thigh link is obtained to minimize the 
following equitation. 

ܬ  ൌ  ቀݔሺݐሻ்ܳݔሺݐሻ  ሻቁݐሺݑሻ்ܴݐሺݑ ݐ݀
ஶ
   (7) 

Here, ܳሺ݊ ൈ ݊ሻ and ܴሺ݉ ൈ݉ሻ are the weighting matrix given by the design 

specification, and  ܳ  0, ܴ  0. The control input ݑ
 to minimize Equation (7) 

is shown as following: 

ݑ 
 ൌ െܴିଵܤ்ܲݔ (8) 

Here, ܲሺ݊ ൈ ݊ሻ is the solution of the following Ricatti equation. 

ܣܲ   ்ܲܣ െ ்ܲܤܴିଵܤܲ  ܳ ൌ 0 (9) 

The feature of the proposed control method is that angles of the thigh links 
controlling the body posture are estimated by the detection of the pitching, rolling 
and the height of the body. In this study, in order to examine the walking pattern 
of the five support legs, six sets of FB controller are switched and applied each 
time the swing leg changes. Therefore, there is a case that the inputs of the support 
legs greatly change at the moment when the control system switches.  

5.   Optimization of Control Input  

In this chapter, we consider a method to further optimize the control inputs 
obtained by the optimum servo system designed in Chapter 4. An evaluation 
function is necessary for optimization. Here, we consider the relation between 
vertical forces generated by the FB inputs obtained in Chapter 4 and the ideal 
forces in the support legs. We consider the squares of the difference between the 
ideal force, ideal moments (F*,M*

x,M*
y) and the actual force, actual moments 

(F,Mx,My), and the weight values (αF,αx,αy,α⊿) are set. Then, the evaluation 
function is set as follows: 

ܬ ൌ
1
2
ܨிሺߙ െ ሻଶ∗ܨ 

1
2
௫ܯ௫ሺߙ െ ௫ܯ

∗ሻଶ 
1
2
௬ܯ௬൫ߙ െܯ௬

∗൯
ଶ
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ଵ

ଶ
∆ߙ ∑ ቀ ݂ െ

ி

ே
ቁே

ୀଵ

ଶ
	  (10) 

Equation (10) is an evaluation function. The outputs are the forces in the vertical 
direction of the support legs. The inputs are constructed by the three components, 
first one is the body force in the vertical direction and second and third one are 
the rotational moments in the x- and y-axis. The first term on the right side of the 
Eq. (10) is the error sum of squares with respect to the force in the z-axis direction, 
and the second term and the third term on the right side are error sums of squares 
with respect to the moment about the x-axis and y-axis. The fourth term on the 
right side is the error sum of squares with respect to the average generating force 
of all the actuators and the generated force of each actuator. In this study, to 
minimize the value of J, we use “fminsearch” function which is a solver of 
MATLAB 's Optimization Toolbox. This solver uses the Nelder-Mead algorithm 
[5], which searches for function minimization without using a derivative function. 
The ideal force and moments (F*,M*

x,M*
y) expressed by Eq.(10) are defined by 

following equations.  

∗ܨ  ൌ ୦ୣ୧୦୲ܯ ∗ ሺݖ୰ െ ሻݖ െ ୦ୣ୧୦୲ܥ ∗ ሶݖ   (a-11)  ܯ

∗ܯ 
௫ ൌ െܯ௧ ∗ ߠ െ ௧ܥ ∗  ሶ (11-b)ߠ

∗ܯ 
௬ ൌ െܯ ∗ ߠ െ ܥ ∗  ሶ (11-c)ߠ

Mheight, Mpitch, Mroll, Cheight, Cpitch, Croll are the virtual spring constants and the virtual 
damping coefficients about the position of the z-axis, the roll angle and pitch 
angle. zr is the target value of the body in z-axis. 
Figure 6 shows the block diagram with the optimization part shown in this chapter 
added to the optimum servo system shown in Chapter 4. The control input u of 
the support legs obtained by the optimum servo system is corrected to u* by the 
optimization method and it is used as the control inputs of the thigh links.  

 
Fig.6 Block diagram of optimal servo with optimization 

6.   3D Simulation 

The 3D simulation results are shown in Figure 7. Since the Nelder-Mead method 
is an iteration method, we performed a simulation with the maximum iteration 
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z[
m

]

number as 200 in this study. ܳ ൌ diagሺ10ଷ, 10ଷ, 10ଷ, 0,⋯ ,0ሻ , ܴ ൌ
diagሺ1,1,1ሻ in Eq.(7). Also,(αF,αx,αy,α⊿) in Eq.(10) were set to (1, 1, 1, 1). 
(Mheight, Mpitc, Mroll) are (103, 103, 103) in Eq.(11), (Cheight, Cpitc, Croll) are (101, 
101, 101). These parameters were determined by trial and error. Fig.7 (a) is time 
response of the height of the body, Fig.7 (b) is the pitching angle, Fig.7 (c) is the 
rolling angle, respectively. In the figure, the red solid line and the green dash-and-
dotted line show the cases with optimization where iteration number is 200 and 
50, the blue dashed line shows the case without optimization where posture 
control is performed with the FB input obtained by the optimum servo system 
shown in Chapter 4, and the black dotted line shows the target trajectory. In Fig. 
7 (a) - (c), in the case of controlling the support legs with the FB gain obtained by  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Height of the body 

 
(b) Pitching angle of the body 

Fig.7. Simulation results on even terrain 
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(c) Rolling angle of the body 

Fig.7. Simulation results on even terrain 

 

 
Fig.8 Time response of thigh angle 

 
the optimum servo system without optimization, posture variation occurs because 
the FB control system switches at the time of changing the swing leg. However, 
when applying the optimization method, it can be seen that large variation 
occurring at the time of switching the swing legs are reduced in all control 
amounts of the body height, the pitching angle, and the rolling angle. Especially, 
with pitching angle and rolling angle, the maximum deflection width is reduced 
to less than half, and improvement in control performance can be seen. The 
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deflection width is suppressed to about half in the pitch angle where iteration 
number is 50. We can see the effectiveness of the proposed control method. Figure 
8 shows the time response of the thigh angle in the case of the posture control 
shown in Fig.7. In the case that the optimization is not performed, the thigh angle 
variation becomes large at the time of switching the swing leg, but the case that 
the optimization is performed, it can be seen that this large variation is reduced. 
From these results, it was shown that by applying the optimization method 
proposed in this study to the posture control of the 6-legged robot, it is possible 
to reduce the variation of the input due to switching of the control system 
generated at the time of switching the swing leg.  

7.   Conclusion 

In this study, we examined a control method to optimize the control input obtained 
by the optimum servo system as a posture control method of a six-legged robot 
and verified the effectiveness of the proposed method by 3D simulation of a six-
legged robot.  
1. The design procedure of the optimum servo system as the posture control 

method of the six-legged robot and the method to optimize the FB control 
input obtained by the optimum servo system are shown.  

2. The effectiveness of the proposed control method was confirmed by 3D 
simulation using the 3D CAD model of the six-legged robot. Specifically, in 
the case of walking with five support legs, when the optimization is not 
performed, a large variation occurs in the height of the body, the pitching 
angle, and the rolling angle at the time of switching the swing leg. However, 
when the optimization method is applied, the variation was reduced.  
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Our goal is to make robotics more accessible to casual users by reducing the
domain knowledge required in designing and building robots. Towards this

goal, we present an interactive computational design system that enables users

to design legged robots with desired morphologies and behaviors by specify-
ing higher level descriptions. The core of our method is a design optimization

technique that reasons about the structure and motion of a robot in a coupled

manner to achieve user-specified robot behavior and performance. We are in-
spired by the recent works that also aim to jointly optimize robot’s form and

function. However, through efficient computation of necessary design changes,

our approach enables us to keep user-in-the-loop for interactive applications.
We evaluate our system in simulation by starting with initial user designs that

are physically infeasible or inadequate to perform the user-desired task. We
then show optimized designs that achieve user-specifications, all while ensur-

ing an interactive design flow.

Keywords: Legged robots, Automatic robot design, Design optimization

1. Introduction

Even from a cursory inspection, it is clear that the morphological features of

living creatures are intimately related to their motor capabilities. For e.g.,

the long limbs and flexible spine of a cheetah lead to extreme speeds. There-

fore, roboticists often look to nature for inspiration.1–3 However, rather than

copying the designs that we see in nature, we are interested in beginning

to address the question: can we develop mathematically-rigorous models

with the predictive power to inform the design of effective legged robots?

Furthermore, we are interested in integrating such computational models

into interactive design tools that make robotics accessible to casual users.

Towards this goal, we develop a computationally efficient interactive

design system that allows users to create legged robots with diverse func-

tionalities, without requiring any domain-specific knowledge. Our system

automatically suggests required changes in order to achieve a specified be-

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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havior or task performance. In particular, we focus on periodic locomotion

tasks characterized by footfall patterns, motion speed and direction. The

core of our system consists of a mathematical model that maps the morpho-

logical parameters of a robot to its motor capabilities. Equipped with this

model, we present an automatic design framework to co-optimize robot’s

structure and motion in a hierarchical manner. To deal with the computa-

tional complexity for user-interactivity, we leverage the Adjoint method.4

Our long term goal is to make the process of creating customized robots

highly accessible.5 In our prior work, we developed an interactive design

system for rapid, and on-demand generation of custom robotic devices.6 A

major limitation of our system was that it did not provide any feedback

about design improvements. To overcome this limitation, we take inspira-

tion from past work.7–9 However, instead of directly weaving in the robot’s

physical parameters within motion optimization, we establish a mapping

between them using the implicit function theorem.10 Our approach is also

complementary to evolutionary approaches.11 Rather than synthesizing de-

signs from scratch, we adopt a user-in-the-loop approach to allow the users

to guide the design process as they desire – thereby converging onto their

needed outcome much faster. Further, unlike evolutionary approaches that

provide no guarantees, our gradient-based optimization is locally optimal.

Finally, we validate our system in a physics-based simulation, through

various task-based robot design scenarios that are challenging for casual

users. We demonstrate how our system aids users in issues ranging from

physical in-feasibility of the design, to sub-optimality in task performance.

2. Interactive Design

Our interactive design system is rooted in a design abstraction that allows

us to combine off-the-shelf and 3D printed parts for designing robots.6 As

figure 1(a) illustrates, our graphical user interface (GUI) consists of a design

workspace for designing (left) and a simulation workspace for design testing

(right). The users can browse through various modules from a menu (top) in

the design workspace, and drag-and-drop them into the scene to construct

or modify a robot design. We assume that all parts of a robot’s articulated

structure (other than motors for joints) are 3D printed. We automatically

create these 3D printable connecting structures between actuated joints.

These structure geometries are updated with every manual user operation

or automatic design update that changes the robot morphology.

To enable this, we define a parameterized 3D printable connector module

(see fig. 1(b)) whose position and orientation can be updated interactively

with changes in the design. Each connector module has ‘virtual’ attachment
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Figure 1. (a) GUI. (b) A parameterized 3D printable connector (orange) dynamically
updates to connect actuated joints. Our system’s capabilities are highlighted in our video.

points on its face that get updated based on the positions of the connector

and the motors. These attachment points are used to update the shape and

size of the connector’s convex hull structure as needed. The users can also

pause and restart the optimization at any point, to update the structure

manually in between for achieving desired aesthetics.

Although our interactive design interface is a powerful approach for for-

ward design, modifying designs to achieve a desired task requires domain

knowledge. We next present our design optimization framework, which au-

tomatically optimizes the robot’s form and behavior for a desired task.

3. Automatic Design Optimization

Designing robots with task-specific behaviors is highly skill-intensive and

time-consuming. One must decide the robot’s structure – physical dimen-

sions of its body, and its articulated parts, as well as the placement of

motors. One must then define how to control the motors for a co-ordinated

movement that achieves a task. The robot’s structure has a huge effect

on the tasks it can perform. Therefore, designers typically iterate back

and forth between physical and behavior design to create a task-specific

robot. To capture this coupling between the robot’s form and function, we

parameterize a robot with a set of structure parameters s, and motion pa-

rameters m. However, instead of treating m and s independently, our goal

is to represent robot motions as a function of its structure m(s). Apart

from being intuitive, such a representation allows us to solve for an opti-

mal task-specific behavior and design hierarchically, in a computationally

efficient manner enabling interactivity during design.

3.1. Parameterization

A larger variety of robots including manipulators, and walking robots are

composed of articulated chain like structures, in particular, of serially con-

nected and actuated links. Such robot morphologies can be well described

as kinematic trees starting at the root of the robot. The design parameters

https://tinyurl.com/RoboCodesign
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s is used to specify such robot morphology, which is given by:

s = (l1, . . . , lg,a1, . . . ,an, bw, bl) , (1)

where g is the number of links, li ∈ R is the length of each link, n is the

number of actuators, and ai ∈ R3 is the actuator parameters. For linear

actuators, ai defines the 3D attachment points, while for rotary actuators, it

corresponds to orientation of axis of rotation. Apart from these parameters

that represent the kinematic tree morphology of the robot, we use two

additional parameters bw and bl to represent the physical dimensions of

the robot’s body (width and length respectively). Likewise, the motion

parameters m = (P1, . . . ,PT ) are defined by a time-indexed sequence of

vectors Pi, where T denotes the time for each gait cycle. Pi is defined as:

Pi =
(
qi,xi, e

1
i , . . . , e

k
i , f

1
i , . . . , f

k
i , c

1
i , . . . , c

k
i ,
)
, (2)

where qi defines the pose of the robot, i.e., the position, and orientation of

the root as well as joint information such as angle values, xi ∈ R3 is the

position of the robot’s center of mass (COM), and k is the number of end-

effectors. For each end-effector j, we use eji ∈ R3 to represent its position

and f ji ∈ R3 to denote the ground reaction force acting on it. We also use

a contact flag cji to indicate whether it should be grounded (cji = 1) or not.

3.2. Method Overview

Given an initial robot design and a task specification, our goal is to change s

and m (eq. 1, 2) to obtain a design better suited for the task. Users typically

define the initial design using our GUI. Various task descriptions such as

preferred motion direction, speed, motion styles (walking, trotting, turning)

etc. can also be specified with the GUI. These task specifications can then

be encoded into a cost function F (s,m). Assuming p to be the parameter

vector containing both structure and motion parameters p = [s,m], one

can search for an optimal p along the direction of F (p)’s gradient ∂F
∂p .

However, s and m are inherently coupled. Hence, instead of searching s and

m independently, we first update s, and then update m within a constrained

manifold that ensures the validity and optimality of m’s update, given s.

By constructing a manifold of structure and motion parameters of a robot

design, we can explore the sensitivity of robot’s motion m to its structure s.

Starting with an initial design (s0,m0) on the manifold, one can search for

s, and corresponding m(s) on this manifold, such that F (s,m) is minimized.

This dependency of m on s is captured by the Jacobian dm
ds (see Sec. 3.3).

This Jacobian is used to compute the search direction dF
ds for updating s
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within the manifold. However, dm
ds is expensive to compute. Therefore, we

further simplify this computation by using the Adjoint method (Sec. 3.4).

At each iteration i, an update s′ is proposed along the gradient direction
dF
ds with step δs. For each such update of s, multiple updates of m are

executed to obtain the corresponding optimal m′. Specifically, m is updated

in the search direction defined by Newton’s method ( ∂
2F

∂m2

−1
∂F
∂m ) by δm step

obtained using line-search.12 Note that ∂2F
∂m2 and ∂F

∂m represent the Hessian

and gradient of F with respect to m respectively. If F (s′,m′) < F (si,mi),

the updates are accepted, else a new s′ is proposed along dF
ds with smaller

step size ( δs2 ). We iterate over this procedure till F (si,mi) < threshold

implying that si and mi are optimal. A more detailed overview of this

algorithm can be found in the extended version of our paper on arXiv.

3.3. Coupling form and function for robot design

It is hard to analytically represent the dependency of robot’s motion on

its structure. Instead, we assume a manifold that relates robot’s struc-

ture and behavior capabilities, given a specific task: G(s,m) = 0, where

G(s,m) : Rns ×Rnm → Rnm . Such an implicit manifold between structure

and function can be converted into an explicit relation between the two

within a small region around a point P0(s0,m0) on the manifold, using the

implicit function theorem.10 The theorem states that when we change s0
and m0 by ∆s and ∆m, the change in the function ∆G should be zero to

remain on the manifold. Using chain rule to compute ∆G, we obtain the

following explicit relation between ∆s and ∆m:

∆G =
∂G

∂s
∆s +

∂G

∂m
∆m = 0 =⇒ ∆m = −

(
∂G

∂m

)−1
∂G

∂s
∆s (3)

where
(
∂G
∂m

)
and

(
∂G
∂s

)
represents the Jacobian of G(s,m) with respect to

m and s respectively.

To compute such a manifold, we start with a task-specific cost function

F (s,m). For each robot morphology s, there exists an optimal m∗ that

minimizes F (s,m). Hence, the gradient of F with respect to m at point

(s,m∗) should be zero. One can then search for an optimal s∗ along the

manifold defined by this gradient G(s,m) = ∂F (s,m)
∂m . An optimal s∗

on such a G(s,m) would automatically ensure a corresponding valid and

optimal m∗ for the task. For searching such an optimal s∗, we thus need to

solve the following optimization problem:

min
s
F (s,m) s.t. G(s,m) = 0 (4)

https://arxiv.org/abs/1801.00385v2
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where F (s,m) is the cost function; G(s,m) denotes the gradient of F (s,m)

with respect to motion parameters m. Empowered by the Jacobian dm
ds that

essentially encodes m(s) (eq. 3), we can define the search direction for s as:

dF

ds
=
∂F

∂m

dm

ds
+
∂F

∂s
=⇒ dF

ds
= − ∂F

∂m

(
∂G

∂m

)−1
∂G

∂s
+
∂F

∂s
. (5)

3.4. The Adjoint method

Computing dF
ds requires the calculation of the Jacobian dm

ds which is compu-

tationally very expensive. It requires solving ns linear equations (for each

column in Jacobian matrix ∂G
∂s ), and the procedure gets very costly for large

ns. Instead, we use the Adjoint method to efficiently compute the gradient
dF
ds . This method formulates the computation of gradient as constrained

optimization problem, and then uses the dual form of this optimization

problem for faster computation.4 Other applications have also sought out

the Adjoint method for similar purposes in the past.13 In particular, dF
ds

takes on the following form using the adjoint method:

dF

ds
= λᵀ

∂G

∂s
+
∂F

∂s
, (6)

where λ is called the vector of adjoint variables. Such a computation of
dF
ds now involves solving only one linear equation to obtain λ, followed by

one matrix-vector multiplication and one vector addition (eq. 6). This is

more efficient as compared to solving ns linear equations for dm
ds earlier.

4. Results

We explore three simulated examples to study the utility and effectiveness

of our approach. Although, we only show our current results in simulation,

we have confirmed that the simulation matches physical results previously.6

When novices design robots, it can be hard for them to decide where the

actuators should be located and how they should be oriented for achieving

a specific behavior. Fig. 2(a) shows one such example of a ‘puppy’ robot

with three motors per leg. Even with enough number of actuators, the robot

can only walk in one direction (forward) owing to its actuator placements.

Parameterization of the actuator orientations ai in eq. 1 enables design

optimization to change them for equipping the robot to walk in any specific

direction. Without the optimization of such structural parameters, it may

be impossible to achieve such tasks (see fig. 2(b)).

Even when a design can theoretically achieve the desired behavior, it

may be rendered infeasible due to real world constraints such as collisions.

Fig. 3(a) shows a robot that can walk in the user-specified direction at
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Figure 2. (a) The initial design of ‘puppy’ robot can only walk forward. Our design

optimization enables the robot to walk sideways. (b) Optimizing motion parameters is

not sufficient and optimization of the structure parameters is essential in this example.

Figure 3. (a) Collision in a hexapod’s limbs at high speeds. (b) Accounting for col-

lisions in motion optimization prevents this, but also restricts the robot from walking

faster. (c) Instead, design optimization increases spacing between limbs and their lengths.

desired speeds. However, when walking speeds increase above 0.1 ms−1, the

robot’s limbs start colliding. It is hard to anticipate such issues a priori.

Along with helping the user to test such scenarios in simulation, our system

can also automatically prevent them by using feasibility constraints during

motion optimization. However, these constraints prevent the required range

of limb motions needed for fast walking, limiting the ability of the robot to

walk at desired speed (fig. 3(b)). Instead, design optimization changes the

design to achieve both these contradicting requirements (see fig. 3(c)).

Finally, designing robots for multiple tasks is also highly challenging,

especially if the tasks demand opposing design characteristics. Consider

the task of walking and pacing for a quadruped robot shown in fig. 4(a).
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Figure 4. (a) A quadruped robot design that can only walk forward, is optimized for

pace, sideways walking, and jointly optimized for both these behaviors. (b) Jointly opti-
mized design achieves a reasonable trade-off between the performance of both tasks.

The original design can only walk forward owing to its actuator placements

(similar to the ‘puppy’ robot in fig. 2(a)). Its wider body and shorter limbs

prevent it from pacing in stable manner. Individually optimizing the design

for pacing and walking may not be sufficient for enabling the robot to per-

form both tasks. Pace-based design optimization generates a slim bodied

robot, while walk-based design optimization produces a wider body size to

increase stability during fast walking (see fig. 4(a)). Such a wider body in

turn, negatively affects the pacing behavior (fig. 4(b)). To achieve reason-

able performance for both these tasks, a trade-off is thus required. The in-

dividual requirements for each task Fi(s,mi) can be combined in weighted

manner into Fjoint(s,m) =
∑
wiFi(s,mi). Weights wi representing the

importance of each task can be set by the users. Such joint optimization

of walking and pacing (with w1 = w2 = 0.5) for quadruped in fig. 4(a)

succeeds in achieving the necessary trade-off as illustrated in the resultant

medium bodied optimized design, and the corresponding task performance.

Table 1. Design optimization statistics for example robots

Robot Number of Motion Opt. Design Opt. Time
Parameters Iterations Iterations (s)

Puppy (Fig. 2) 614 6207 32 107.66
Hexapod (Fig. 3) 1044 5013 53 97.47

Quadruped (Fig. 4) 1050 14873 100 124.47

Table 1 shows the design times for optimizing the designs of robots in

fig. 2, 3, 4. For quadruped in fig. 4 these statistics are reported for the joint

optimization scenario. Note that, even when its number of optimization pa-
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rameters are roughly similar to that of the hexapod, there is a significant

difference in the number of optimization iterations, and the time required.

This is because of the contradicting requirements that the two tasks de-

mand, making the problem more challenging. Also note that for each itera-

tion of design optimization, multiple iterations of motion optimization are

executed. However, as shown in the statistics, the large number of these

iterations are executed in minutes. Such computational efficiency is at the

core of interactivity in our system. Apart from an efficient implementation

in C++, a scalable approach using the Adjoint method enables the same.

5. Discussion and Future Works

We introduced an interactive robot design and optimization system that

allows casual users to create customized robotic creatures for specific tasks.

Apart from generating feasible behaviors, our system improves the perfor-

mance of robot through an automatic design optimization process. In the fu-

ture we plan to extend our design optimization technique for a broader class

of motions and behaviors, including climbing, carrying weights or avoiding

obstacles. Further, to find the right balance between automation and user

control during design, we plan to perform an extensive user study as well.
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Semi-passive biped robots have been proposed to achieve efficient and robust bipedal 
locomotion, based on their natural dynamics. In this work, a compass biped with arc shape 
feet, actuated by a rocker mechanism on the hip is presented and studied. Initially, the 
effects of the variation of the excitation frequency and amplitude on the stability of the 
walking cycle are determined. Both, simulation results and experimental tests, suggest that, 
for a given range of excitation frequencies, the robot exhibits attractive equilibrium as well 
as entrainment. In addition, strategies for startup, turning and stopping were explored, 
obtaining promising results. This work supports the possibility of developing controllable, 
energy efficient, semi-passive, low cost bipeds. 

1.   Introduction 

Bipedal robots are of interest because of their similarity to humans, but compared 
with robots on wheels, or even robots with four or more legs, bipedal robots seem 
to have few practical uses nowadays. Some of their drawbacks include low 
efficiencies and difficulty to control. However, bipedal robots have numerous 
potential applications in several fields: their locomotion can help understand 
human gait; traverse through irregular terrain, and they are the base for developing 
humanoid robots that can operate infrastructure designed for people.  
       Regarding energy efficiency, it has been suggested that by taking advantage 
of the natural dynamics of a system, it is possible to produce locomotion with a 
low cost of transport. Such ideas where demonstrated by the passive dynamic 
walker, developed by McGreer [1].  Passive dynamic walkers do not have any 
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actuation and depend on the conversion of potential energy to maintain a stable 
walking cycle, as friction and partially elastic collisions drain energy from the 
system. In this paper, we study a simple semi-passive biped developed as a 
passive dynamic walker equipped with a servo-actuated rocker mechanism on the 
hip, following the proposals of Collins et al. [2], in which the gravitational power 
is substituted by a simple actuation. The biped, initially developed by Botero et 
al. [3], was designed after a reviewing several passive compass gait robots with 
arc-shaped feet.  
     The mathematical model for passive dynamic walking is non-linear in nature, 
more so if actuation is to be added. Instead of addressing this non-linear model, 
we propose a series of dynamic simulations to gain insight of the robot's behavior. 
The software used for both modelling and simulation is Autodesk Inventor, that 
includes a variable-step dynamic simulation environment with a solver using a 
five-order Runge-Kutta integration scheme [4]. Different simulations were run to 
evaluate the stability and estimate the degree to which the robot can be controlled. 
A prototype was constructed and tested to validate the simulations. 
    The paper is presented as follows: section 2 contains the physical description 
of the robot as well as the assumptions made during modelling. Simulation 
parameters and trajectories are described on section 3. The results of the 
simulations and experiments with the prototype are presented and discussed on 
section 4. Conclusions and future work can be found on section 5. 

2.   Semi-passive biped description 

The semi-passive biped (SPB) developed for this study is based on a knee-less 
passive dynamic walker: a compass biped with arc-shape feet. This is one of the 
simplest passive walkers since it is statically stable and only has two rotational 
joints in the hips. The actuation power is a rocker mechanism attached to the hip 
of the passive walker. Roughly, this mechanism provides swinging motion in a 
coronal plane allowing the biped to walk with a controlled gait on a flat surface. 
The proposed SPB results in a low cost prototype, with potential to study dynamic 
characteristics and control of the gait in robots or humans. 

2.1.   Passive walker 

The base of the SPB is a passive walker (figure 1). It is a biped without actuation 
consisting of a 500 mm long steel shaft (hip) and two 400 mm long aluminum 
square profile (legs) ending in a spherical section wooden assembly (feet) with a 
radius of 120 mm.  
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   This walker has a weight of 950g. It can maintain a repeating gait in ramps 
with slope angles ranging from 1.5 to 8 degrees, exhibiting a synchronized lateral 
swinging which allows each leg to oscillate alternately to produce the gait. 

 

 
 

Figure 1. a) 3D Walker model. B)SPB 

2.2.   Actuation mechanism 

Once a passive walker has an initial impulse, it needs additional energy to move 
on a flat surface. Enough power must be provided to produce the walking motion, 
while compensate the energy dissipated because of friction and impact damping. 
In this SPB, the actuation is a rocker mechanism on the hip, which generates the 
following effects: preserves its lateral swinging (roll), produces inclination in the 
forward direction (pitch), and generates inertial moment in coronal plane (yaw).  
    Figure 1 shows the SPB with the actuation mechanism. The rocker consists of 
an 80g mass attached to a 150 mm rod, coupled to a Dynamixel AX-12A 
servomotor. The mass rotates around the shaft of the motor, in the plane x-y 
(figure 1). This motor can deliver a rated torque of 1.5 Nm at 59 rpm, enough to 
produce the required operation oscillation frequency. A Raspberry Pi 3 controls 
the servomotor.  
    Garcia et al. [5] proposed a system of equations that describe the walker without 
actuation. While it is possible to extend this methodology to formulate a similar 
system for the SPB, it would result in a non-linear model, requiring some 
mathematical manipulation to become useful for control purposes. Instead, we 
propose to explore the behavior of the SPB via simulation and testing on a 
prototype, to gain some insight of its control possibilities. 
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3.   Simulation parameters 

The SPB was modelled in Autodesk Inventor® using the geometry and mass 
properties previously described. The settings for the motion of the rocker 
mechanism are the following:  amplitude from 40 to 60 degrees, frequency 
between 0.8 and 1.2 Hz, and offset from -15 to 15 degrees. These testing 
conditions were selected after some experimentation on the passive walker 
prototype and some initial simulations. 

3.1.   Cyclic stable gait and entrainment 

A system can be forced to oscillate to a given frequency with little energy input if 
the selected frequency is close to the system’s natural frequency. This 
phenomenon is called entrainment and it is necessary for the control of the SPB. 
       Since the gait cycle frequency of the passive walker prototype in a ramp with 
a slope of 1.5 degrees was of 1.05 Hz, the rocker mechanism was actuated for the 
first set of simulations following a sinewave trajectory with frequencies between 
0.8 Hz and 1.2 Hz. 

3.2.   Contact and damping 

Impact is modelled in the Autodesk Inventor dynamic simulation environment as 
a series of elastic collisions with a damping coefficient. Marin [6] conducted an 
experimental estimation of these parameters for the passive walker prototype on 
a wooden ramp.  For the simulations, we used the values obtained by Marin [6] 
(rigidity K=10 N/mm, dampening coefficient C=5.142 Ns/mm and coefficient of 
friction µ=0.3572), as nominal values with variations of 5% and 10%, in order to 
consider the influence of possible variations in a real level-ground.  

4.   Simulation and experimental results 

4.1.   Cyclic stable gait 

To determine the operational conditions for a cyclic stable gait of the SPB, the 
conditions of simulation were simplified setting the offset to zero. Input frequency 
varied from 0.8 Hz to 1.2 Hz in steps of 0.1 Hz and amplitude varied between 40o 
and 60o in steps of 5o. The initial condition was set to a roll angle of 8° and zero 
initial velocity.  
        The SPB shows a cyclic stable gait for a range of input frequencies 
depending on the contact conditions (figure 2). As was expected, the gait is stable 
for frequencies up to the natural frequency of the UBR (1.05 Hz). 
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Figure 2. Cyclic stable gait 

 
      Figure 3 shows the horizontal view of the evolution of the trajectory of the 
center of mass of the hip for a set of input conditions (frequency of 1 Hz, zero 
offset and proposed contact conditions). 
 

 
Figure 3. Trajectory of the center of mass of the hip. 

 
     The operating conditions were defined as K=10N/mm, C=5.172Ns/mm and 
µ=0.3571 with marginal variations. The interval of operating frequencies depends 
on the contact settings. Simulation results are shown on Figure 4. The marginal 
changes in K doesn’t produce important effects in the gait cycle. 
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Figure 4. Marginal changes in contact conditions 

 
     In all cases, frequency entrainment was observed, to various degrees, although 
many of them do not produce gait. If the rocker is actuated in phase with the roll 
oscillation, the later will stop to a halt. This effect of the phase of the input with 
respect to the roll angle of the SPB is shown in Figure 5. 
 

 

 
Figure 5. Rocker oscillation phase response in phase and out of phase (half a period). 

4.2.   Starting and stopping  

Simply rocking the mass in the frequency that produces the best results (1 Hz) 
will produce an entrainment in approximately the same phase, which, as it was 
explained above, won't result in a gait cycle. 
              In this regard, a "startup trajectory" was proposed, where the rocker is 
actuated too rapidly for the SPB to respond with entrainment. Instead, the SPB is 
slowly forced out of its stable stationary state, until conditions approximating the 
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ones presented in the previous section are reached. In the same way, actuating 
the walker in-phase will cause it to stop walking. 

4.3.   Turning 

Up to this point, the input function of the rocker mechanism had no offset around 
the x-axis of the SPB. This condition produces the SPB gait to be straightforward. 
When the input function has an offset, the SPB gait follows a curved trajectory. 
Table 1 shows the trajectory of the center of mass of the SPB when the amplitude 
of the input function is displaced 15 degrees towards the right (a) and to the left 
(b).  
Table 1. SPB turning radius response to amplitude displacement, measured on the transverse plane. 

 
Offset angle (°) Turn radius (m) 

0 - 
2,5 11,9 
5 7,8 

7,5 12,4 
10 2,5 

12,5 2,0 
15 1,5 

 
The amplitude displacement results in a change of direction as expected, albeit at 
the cost of a relatively unstable gait. This opens the possibility partial control of 
one additional degree of freedom with the same actuator. 

4.4.   Experimental results. 

The most reasonable dynamic parameters, found in simulation work, where 
replicated with the physical SPB. The prototype exhibited a cyclic gait very 
similar to the one observed in simulation. Acceleration and orientation data were 
collected with an inertial measurement unit (IMU), with the acceleration on the 
SBP’s x axis integrated to observe the travelled distance, as seen on figure 6. 

 
Figure 6. Position response on the physical SBP during experimental tests at 1Hz and 45° of amplitude 
in actuation 
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5.   Conclusions 

This paper presents an underactuated biped robot based on a passive dynamic 
walker with a simple hip rocker mechanism. The proposed system was studied 
using dynamic simulation to establish general parameters of the actuation 
conditions for controlling its gait. Three gaits were studied: stable cyclic gait, 
starting and stopping, and turning. 
         Simulation and experimental results shows that it is possible to achieve 
entrainment between certain input frequencies and the gait frequency, when the 
input is half a period out of phase form the gait. A strategy for stopping the gait is 
also derived from the behavior of the gait with an input in phase with the gait. An 
excitation with a frequency higher than the natural frequency of the system can 
provide a starting condition. Finally, turning can be achieved by adding offset to 
the input signal.  
       This work shows a promising development direction for simple biped robots, 
especially considering the low cost of the prototype. Further simulation and 
experimental work could be useful to understand the effects of external conditions 
on the walking cycle of the robot. However, after this exploratory phase, 
mathematical modelling of the system is also necessary.  
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Improving robustness of walking robots has always been problematic. Their

complex kinematics and locomotion has always been prone to damage: a broken

cable, an unstable foothold or a wrong set of parameters has been an everlasting
source of frustration. Nature developed an extraordinary robustness through

redundancy and fast adaptation. Theories about decentralized nervous systems

has inspired this paper with a novel approach. The presented solution aims
at relocating low-level walking behaviours to a network of computers and,

more exactly, into the robots individual legs. This paper will not cover the

full scope of the software implementation (this is a field found especially in
modular robotics), but presents how such an encapsulated leg with all necessary

hardware is built and focuses on the mechanical and kinematic aspect of such

legs. It highlights how a robotic leg needs to be designed to tackle structured
environments serves as explanatory guide through the design process of legs

with integrated PCU and sensors.

Keywords: Mechanical Design; Legged Locomotion; Assistive Robots; Walking
Robots; Modular Robots.

1. Introduction

Insects and spiders have developed remarkable abilities of the course of their

evolutionary history. Abilities that many researchers in the field of walking

robots try to adapt and apply to their own systems. The most extreme

behaviour such animals express is the voluntary amputation of endangered

limbs. This autonomy is triggered in various situations and ranges from pre-

venting venom to afflict the rest of the body1 to freeing itself from a fatal

grip.2 This skill became necessary due to the size of their bodies compared

to their predators or dangers in their surroundings. The most remarkable

skill though can be observed in the aftermath: the complete adaptation to

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
© ELSEVIER
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the missing limb. Both represent inspiring qualities for robotics and are ob-

jective to many papers in the domain. The have been efforts in finding faster

ways to recover from damage by exploring parameter spaces and avoiding

diverging behaviours3 or make use of artificial neural networks to learn new

walking strategies.4 The presented approach will more closely adapt the idea

of decentralized behaviours. More exactly: it will propose a way of design-

ing legs which house a decentralized computational unit for redundancy.

A well known animal with such motion redundancy is the octopus. The

behavioural and control hierarchy offers the capability to move limbs indi-

vidually but overwrite signals to coordinate multi-limb movements (many

controlled by individual brain lobes).5 Walking robots can’t be compared

Fig. 1. Examples for different monolithic robot systems: (f.l.t.r.) LAURON V,6 HEC-
TOR,7 BigDog.8

to this structure since their natural inspirations come from the domain of

vertebrates or insects with different topologies (see Fig. 1). On the other

hand, there has been efforts to recreate decentralized systems in walking

robots by connecting different central pattern generators and recreating a

motion control close to the intra-spinal neural network real animals9.10 This

paper takes a mechanical approach to the problem. It will explain a way to

design the basic leg kinematics for a walking robot to overcome obstacles

met in daily life and also house enough internal computing power to be

used as decentralized unit. Modularity, meaning the decoupling of the legs,

will not be part of this work since this would cover another field and topic.

The proposed design method will focus on the overarching development of

a leg and the early assessment of possible obstacles. This is a more detailed

design step and can be seen as a subroutine of more overarching design

strategies as proposed by Tedeschi11 for example. The order in which each

aspect of the robotic leg is presented also serves as possible procedure for

other robotic leg designs.
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2. Kinematic Restrictions

Kinematic restrictions represent the minimum or maximum requirements a

robotic leg has to meet to fulfil certain purposes. This can on one side be

the workspace, length, carrying weight or the total mass for example. Each

aspect defines the final shape of the robot. This section will take apart the

design process and introduce a more accurate way of designing robotic legs

by highlighting several pitfalls in this process. The leg was designed for a

small walking robot with a minimum of six legs attached. The minimum

weight to be carried was set to be approximately 2kg with three degrees of

freedom per leg (for a small demonstrator). The need for a smaller testing

platform and the interest in decentralized walking is the driving factor for

this small, intelligent leg. Using four DoF would allow the use of low energy

walking strategies and intelligent posture control12 found in bigger robots

such as LAURON V.6

2.1. Robots and Environments

The first step in defining the kinematic restrictions of a robot is assess-

ment. The environment represents the biggest design factor right after the

payload and motion type. Knowing the environment the robot will meet

helps defining obstacles in its future path. As an example: The small de-

centralized demonstrator will be designed for indoor use. The ground is

flat,solid and no dynamic changes occur. Nevertheless, there can be 2 more

challenging obstacles involved: slopes and stairs. Other robotic systems

will have to identify such obstacles in different environments, such as rocks,

holes or bodies of water. With slopes being in place for wheelchair access

and stairs as a general means of changing level within the building, this

work will mainly focus on how to design the robot to climb these obstacles

successfully. The following sections will explain, how these obstacles alter

the shape of robots and require beforehand design decisions to render the

robot capable of climbing successfully.

2.2. Defining Proportions

Starting top-down in design, the first decision is the number of joints per

leg. These were set to be three, as explained beforehand, since redundancy

or energy efficiency won’t be part of this research. Starting from the joints,

it is possible to define basic proportions of the leg without knowing the final

length of it. Coming from an analogy to robotic manipulators, the work of

Yoshikawa13 has shown a way of optimizing segment proportions by improv-
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ing its theoretical manipulability. This manipulability can be represented

for non-redundant systems through (1).

w = ||detJ(Θ)|| (1)

with (2) representing the vector of joint angles

Θ = [Θ1,Θ2,Θ3, ...,Θm]T (2)

and (3) its Jacobian.

J(θ) ∈ Rm×n (3)

By decomposition of the Jacobian into its singularities σ1, σ2, σ3, ...σm, the

manipulability becomes

w = σ1 · σ2 · σ3 · ... · σm (4)

Expressed in the terms of a 3DOF Robot with L1, L2, L3 being its segment

lengths and Θ1,Θ2,Θ3 being its joint angles, formula (4) becomes

w = L2 · L3 · |(L2 · sin(Θ2) + L3 · sin(Θ2 + Θ3)) · sin(Θ3)| (5)

This formula has its maximum for L2 = L3 and Θ3 = ±90◦. The manipu-

lability can be described as the capacity of the manipulator to change the

orientation and position of its end-effector at a given joint state. But since

the robotic leg moves freely, the 90◦ angles can’t be maintained. Still, it is

possible to use the proportions L2 = L3 as design restrictions for the two

longest segments: lower and upper leg. Even though climbing is not consid-

ered a manipulation task, applying this rule leads to a larger manipulation

volume, allowing more variety in footpoints.

2.3. Minimum Length

Returning to the environmental restrictions, there are several leg param-

eters that can be calculated from known obstacle sizes. The stairs have

been identified as the most challenging obstacles in an indoor environment

as many multi-legged robots will fail if their legs are not scaled correctly.

The more prominent examples for stair climbing robots are BigDog from

Boston Dynamics or ANYmal from ETH Zurich.14 Six and more legged

examples have only vaguely shown success. One example being the mod-

ular robot Snake Monster from Carnegie Mellon. The comparison of both

climbing styles shows how four legged approaches exceed their six legged

competitors: The leg constellation is rotated in a way, that most of the
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workspace covers the stair area (similar to mammalian topologies). In com-

parison, insect-like arrangements allow a better foothold but under-perform

if bodies have to be pushed upwards and forwards. For the next step, we

will assume the robotic legs will be placed parallel to the sagittal plane.

Selecting the body pose - Even though most stairs have regulatory obliga-

tions to remain within a certain range of height (this also counts for slopes)

no works have been made to link the design process directly to these rule

sets to define robotic lengths. We are looking at the case with the least

favourable body orientation: The robot body is in direct contact with the

stairs. This orientation can either be parallel to the stair inclination or hor-

izontal (as sketched in Fig. 2).

Fig. 2. Two possible body poses for stair climbing robots with sagittal leg constellations.

The simplified image shows the closest positions in contact with the stair outline. The
tilted approach is found more often than a constant horizontal position (r.).

Maximum and minimum inclination - Stairs have strict regulations which

allows the estimation of possible obstacles for indoor environments. There

are several international rules that differ slightly. The regulation for this

example is drawn from the German DIN 18065. The indoor riser height lies

between 140 and 200mm and the tread depth between 230 to 370mm. As

an example, the International Residential Code for Stair treads and risers

R311.5.3 has a maximum riser height of 196mm and minimum tread depth

of 254mm. These numbers describe the majority of stairs in buildings. The

maximum and minimum slope a robot can encounter are calculated by

combining the highest rise with the shortest tread (and vice versa). The

resulting slopes can be seen in Fig. 3.The maximum slope will be taken

as design reference since it highlights the steepest obstacle for an indoor

robot. As a result. All calculations will be made with the inclination of

41◦ , a riser height of 200mm and a tread depth of 230mm.
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Fig. 3. Relative comparison of the highest and lowest slope angle. Both are drawn from

the values found in DIN 18065.

Minimum length - Next would be the calculation of the minimum leg

length through geometrical approximation. This is done by selecting the

closest possible distance a horizontally oriented robot would take while it

is climbing stairs. This minimum distance is sketched in Fig. 4: The robot

has its front and bottom pressed against the stairs and is therefore closest

to the stairs. Any other position would require longer legs. To move the

robot forward, the following order of movement is required:

(1) The robot in Fig. 4 is currently at the beginning of the step. The hind

legs are extended and the front legs are pushed against the stair.

(2) The robot needs to move its hind legs one step up to push its body

upwards alongside the stair.

(3) The hind leg then pushes the robot forward to maintain minimum dis-

tance with the stair.

(4) The new position is one stair further but in the same constellation.

Fig. 4 also shows, that any downward movement of the extended hind leg is

impossible since it would collide with the edge of the stairs. This occurrence

also represents the geometric connection between the shortest robotic leg

and the size of the stairs: It is impossible for robots with a body length

shorter than the stair tread (in this example 230mm) to shorten their leg

any further. The robot wouldn’t be able to lift its body to the next step in

a single movement. This minimum length necessary to lift the robot up one

stair at the time represents a measure that is independent from any speed

or gait since it maintains the smallest possible distance between robot and

stairs. Using the two tread depths of 460mm, riser heights of 400mm and

the 41◦ slope, the length results to ltotal = 609mm from shoulder joint to

foot.

Longer robots - Surely it is possible to apply this to longer robots, in which

case legs become shorter as the robot grows in length. The greyed out sketch
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in Fig. 4 shows the effect of an extended body length: The robot is able

to move the leg lower (compared to the short version), thus allowing him

to push itself to the next step while having its footpoints move inwards. A

robot with 400mm body length would only require ltotal = 418mm in total

length at its hind legs. The absolute minimum would be reached with a

robot length of twice the tread with the shortest distance to the step being

twice the step (lmin = 400mm).

Fig. 4. Relative comparison of the highest and lowest slope angle. Both are drawn from

the values found in DIN 18065.

3. Mechanical Design

The mechanical design was derived from the beforehand explained kine-

matic restrictions (proportions and length). The subsequent step would be

the theoretical load cases for such a climbing robot. Working with the ex-

treme load-cases for walking robots, one would assume that extending the

robots legs away from its body is the classic maximum: the distance be-

tween footpoints and centre of mass is a full leg-length apart which causes

the maximum torque in the beta joint. To take a different approach and

because it is unlikely the robot might get into this situation, a different,

more probable load-case was selected. Fig. 5 shows the case for stair climb-

ing: The robots CoM is vertically aligned with one row of footpoints. This

result the entire load being carried by only these legs. Placing the legs or-

thogonally to the gravitational force results in the largest possible torque

(in this case for joint β)

The resulting torque (with the center of mass placed above one leg as

in Fig. 5) can be expressed as follows:

Tmax = mtotal · g · Lsegment (6)
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Fig. 5. A highly unfavourable pose: the centre of mass is aligned directly above the

footpoints while the lower limb itself is arranged orthogonally.

Having finished the theoretical part of the calculations, one would need

to add a first estimate of the robots mass to the equation (6). This is

necessary and part of every design process: later calculations or materials

will most like (and as in our case) change the final numbers the torque

values. We have picked an estimated mass of mtotal = 15kg as initial guess

from experience. This step may vary depending on the planned robotic

setup, payload and material. Adding this to the equation results in Tmax =

32.373Nm (for our segment length of 0.22m).

3.1. Structure

The structure was conceived to be capable of housing an IMU, and gyro-

scope in its shoulder as well as the motors with their corresponding trans-

mission. The theoretical proportions were integrated with both β and γ

shafts being 0.22m apart and both leg segments being equidistant. The

casing as seen in Fig. 6 was designed to be milled from aluminium. Exten-

sive load calculations and computer aided analysis have lead to the decision

to manufacture both drive shafts of β and γ separately since aluminium was

unfit for most load-cases.

4. Conclusion and Future Works

A new concept for an decentralized robotic leg was presented in detail.

With focus on the theoretical proportions of the leg, all steps of the design

process were highlighted. Starting with the definition of proportions, which

were calculated via the Yoshikawa ellipsoids, the leg was designed to be

biologically inspired. The length was derived from the robots environmental

restrictions and planned stair climbing. A novel method of calculating the
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Fig. 6. A complete view of the robotic leg. The blue motors represent MX-106 model

actuators. The dark red part is an integrated Raspberry Pi 3 for decentralized task

handling.

minimum required leg length was proposed as well. The method links the

robots legs length to the geometric values of stairs and can be applied for

any robot with such climbing tasks. Future works can mainly be seen in the

development of a more detailed formula for stair climbing. The presented

use-case only covers a part of the robots possibilities and needs further

elaboration. Using this concept on rocky terrain is planned in the future

but requires geometric abstraction of the terrain. Such design formula would

allow the calculation of the optimum length of legs with the knowledge of

the terrain characteristics. Tests are planned with the first leg design (shown

in Fig.7).
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The camera homography estimation involves using complex algorithms. They provide 
good results after some interactions, however the error model provided for such algorithm 
seems to be no appropriate for sensorial data fusion in real time. In this work a new 
methodology is proposed for camera homography and IMU data fusion. The experiment 
consists in rotate the camera. The experiment is done for frames.  Here it is presented results 
about the error in homography estimation with and without bias compensation. The last 
section concerns about the experimental results and conclusions about this approach.  

Keywords:  camera homography estimation, IMU data fusion, bias compensation. 

1.   Introduction 

In the last decades there has been remarkable progress in new robotics 
applications [1]–[4]. Among the design requirements for such kind of robots, there 
has been an important effort in using low cost sensor technologies. Now days it is 
possible to acquire IMUs and cameras for a few dollars. Nevertheless, such kind 
of Microelectromechanical Systems demands, drift, nonlinear or thermal 
compensation.  

There are several approaches for inertial sensors drift and thermal 
compensation. However, a more effective one implementation applies first a bias, 
scale and misalignment effects compensation offline in addition with a real time 
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drift correction. Drift correction could be realized by using additional 
measurement systems [5], [6].  

Cameras are very useful sensors in many robotics applications. However, in 
order to obtain accurate measurement most of the cheaper ones, not only need 
calibration but also distortion compensation [7]–[9]. In addition, in order to track 
correctly image features, it is necessary to estimate the homography between 
consecutive images.  

Camera homography estimation involves using complex algorithms [9-10]. 
Even though, these algorithms provide good results after some interactions, the 
error model provided for such algorithm seems to be no appropriate for sensorial 
data fusion in real time. 

Therefore, it is necessary to estimate an appropriate homography error in real 
time for data fusion. In this work a new methodology is proposed for camera 
homography and IMU data fusion.  

2.   IMU and Camera Modelling 

2.1.   Inertial Measurement Unit Error Modelling 

Inertial Measurement Units are usually formed by an array of three gyrorates and 
three accelerometers. Such kind of sensors present bias drift, scale and 
misalignment errors. These errors could be characterized approximately by the 
following equations [6], 

B N M v                                                                                          (1) 

B M v                                                                                            (2) 

Where,  
T

x y z       are the accelerations in IMU frame, 

T

x y z        are the rotational velocities in IMU frame, 

T

x y zB B B B       are the gyrotates bias,  

T

ax y zB B B B      are the accelerometers bias, 

T

x y zv v v v        are gyrorates white noise, 

T

x y zv v v v        are accelerometers white noise, 

T

x y z          and 
T

x y z          represent the 

gyrorates and accelerometers errors in IMU frame respectively. Additionally, 
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N  is a matrix that considers the acceleration effects in gyrorates outputs, 

M  and M are matrices that consider scale and misalignment errors in IMU 

unit. 
There are some calibration algorithms that consider bias, scale and misalignment 
compensation offline. Nevertheless, it will be very useful if a real time drift 
correction is implemented. Such kind of correction could be realized by using 
GPS, electronic compass, active ranging sensors or cameras.  

2.2.   Camera Model 

There are several image camera models that could be applied. However, this work 
will be limited for such applications where scene depth is small compared to 
average distance to camera. Therefore, the pinhole camera model is chosen to map 
any visible point in the fixed reference frame (x,y,z)  to image plane (u,v). 

2.2.1.   Pinhole Camera Model 

In this approximation, the origin of camera reference frame matches with optical 
center and z axis matches with camera optical axis. In addition, the image plane 
(u,v)  is not only parallel to (x,y) plane, but also u and v axis are parallel to x and 
y axis respectively. 

 
 

Figure 1. Pinhole Camera Model. Coordinates reference frames. 

Any point in reference frame (x,y,z)  could be mapped to image plane (u,v) 
by the following approximation, 

  2 21xk
u x x y

z
                                                                  (3) 

  2 21yk
v y x y

z
                                                                (4) 
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Where, xk and yk are the effective focal lengths of the camera.   is a 
parameter that approximates radial optical distortion. If  parameter is positive 
the image suffers a pincushion effect, but, if it is negative the image suffers a 
barrel effect. The parameters xk and yk could be obtained using an appropriate 
calibration. Then, radial distortion could be compensated by using Fitzgibbons 
approach [6], 

 2 21
CF

CF

u
u

u v


 
                                                                                                     (5) 

 2 21
CF

CF

v
v

u v


 
                                                                                             (6) 

Where, CF  is an appropriate chosen parameter that compensates radial 
optical distortion. 

2.2.2.   Affine Transformation 

In order to fusion IMU and camera data is necessary to track image features in 
video frames. Therefore, it is necessary to analyze how two consecutive frames 
changes. This relation between two images could be modeled with affine 
transformation, 

2 1

2 1

1 1

u u

v H v

   
      
      

                                                                          (7) 

Where,  1 1,u v  corresponds to pixel coordinates from first image,  2 2,u v  
corresponds to pixel coordinates from second image and H is the homography 
matrix. The affine transformation homography matrix has the following form, 

0 0 1

a b c

H d e f

 
   
  

                                                                             (8) 

Where, c and f reflect u and v translations respectively. In other hand, a, b, d 
and e are used to model rotation, shear and scale changes. 

2.2.3.   Homography Matrix Estimation 

The homography matrix estimation is a complex process. Various algorithms have 
been proposed in order to estimate the homograpy matrix between two images. 
However, must of them consider the following steps: feature detection, feature 
matching and fitting matrix parameters [10].  The most effective image features 
for feature matching are corners and SIFTs (Scale Invariant Features Transform). 
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The feature matching could be implemented with the Scott and Higgins 
Features Association Algorithm [11]. On the other hand, the matrix parameters 
could be fitted with RANSAC algorithm (Random Sampling and Consensus 
Algorithm)[12]. 

Even though, the RANSAC algorithm is a powerful tool to estimate 
homography matrix, it does not ensure an unbiased solution. In addition, it does 
not provide any information about the variances of matrix parameters. Such 
information could be very useful for sensorial data fusion. 

3.   Homography Matrix Statistics 

The uncertainty around homography matrix parameters could be obtained with 
the help of feature matching matrix. Even though, this matrix was used by 
RANSAC algorithm to find homography matrix parameters, it contains outliers 
data points. These outliers could be produced by low contrast, non-uniform 
lighting and blurring effects.    

3.1.   Homography Error Model Estimation.  

3.1.1.   Bias and Variance Estimation of parameter c and  f 

For n samples, c and f bias could be estimated with, 

2 1

1 2 1
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n
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And variances are estimated with, 
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3.1.2.      Bias and Variance Estimation of parameter a and d 

For n samples, a and d bias could be estimated with, 
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And variances are estimated with, 
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3.1.3.      Bias and Variance Estimation of parameter b and e 

For n samples, b and e bias could be estimated with, 
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And variances are estimated with, 
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3.2.    Translation, Rotation and Scale Estimation.  

The parameters and variances calculated before could be used to estimate any 
change in translation, rotation or scale. This information could be used for sensor 
fusion. 

3.2.1.   Translation Estimation 

A change in image translation is directly related with c and f parameters, 
       

u c

v f

   
      

                                                                                                 (15) 

The variance could be approximated as follows, 
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3.2.2.   Rotation Estimation 

A change in image rotation could be calculated with a and b parameters, 
       

ˆ
atan

ˆz

b b

a a




 
     

                                                                               (17) 

Meanwhile, if rotation is small, the variance could be approximated as follows, 
2

2 2 2
2 4

ˆ1
ˆ ˆz b a

b

a a  
           

                                                                      (18) 

3.2.3.   Scale Estimation  

Any change in image scale could be calculated with, 

2 2ˆˆus a b                                                                                             (19) 

 variance could be approximated as follows, 
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4.   Data Fusion Methodology 

It is important to stablish a relationship between IMU and camera data. The 
camera homography could be useful to calculate inertial sensors bias if the IMU 
and camera reference frame are the same. Therefore, any change in the image 
plane is related with changes in IMU frame, 
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Where, lz is the average distance from camera reference frame origin to 
scene plane. This last equation (21) could be used for data fusion. However, 
accelerometers and gyrorates bias drift correction needs additional measurement 
systems to be estimated simultaneously. 

One possible solution is based that in some applications translations and 
rotations movements are done separately. Therefore, bias correction to 
accelerometers or gyrorates could be applied independently.   

4.1.    Accelerometer Bias Correction.  

The accelerometer bias correction could be estimated as follows, 
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Where, axi and ayi are accelerometers outputs, m is a parameter that adjusts 
acceleration estimation average. 

4.2.    Gyrorate Bias Correction.  

The gyrorate bias correction could be estimated as follows, 
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Where, Ωxi, Ωyi and Ωzi are gyrorates outputs. 

5.   Experimental Results  

The proposed methodology approach is tested for estimating the heading angle of 
camera. The algorithm uses the Scott and Higgins Features Association, 
RANSAC and a Kalman filter algorithms to fuse camera and IMU data.  

5.1.    Experimental Setup.  

The utilized hardware consist in a color video camera 240x320 and a IMU 
MPU6050 connected to a Pentium i5 using a frame grabber and a Raspberry PI 3 
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respectively. The sampling rates are chosen to operate the camera at to 2 
images per second and the IMU to 20 samples per second.  

5.2.    Kalman Filtering.  

The Kalman filter (please see figure 2) is tuned with the following parameters,  
T
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Where,   is heading angle,   is the heading angle rate, b is gyrorate bias and 

k  is the gyrorate output.  

 
Figure 2. Kalman Filter Algorithm. 
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5.3.    Result Analysis.  

The experiment consists in rotate de camera 30 degrees. The experiment is done 
for 14 frames (See figure 3). The homography is first calculated for each pair of 
frames. Then, homography bias is corrected with help of equation (9). The root 
mean square error homography is shown in the table 1 for uncompensated and 
compensated homography. It is clear that camera provides more accurate 
estimation, however it is slower than gyrorates. Now, the Kalman filter is used for 
fuse camera and gyrorate information (figure 4). Here, gyrorate data is available 
for each filter correction step, but camera data is only available each ten steps.  
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Frames with corners detection. 
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Figure 4. Heading angle estimation. 

 
Table 1: Root mean square error in homography estimation for 800 interactions RANSAC with and 
without bias compensation. 

 Frames 
0 to 1 

Frames 
1 to 2 

Frames 
2 to 3 

Frames 
 3 to 4 

Frames 
4 to 5 

Frames 
4 to 6 

Frames 
6 to 7 

without 
compensation 

1.1551 
 

0.9389 
 

4.3063 
 

0.2882 2.7688 
 

2.8641 
 

4.0229 
 

with 
compensation 

0.9295 
 

0.5755 0.9494 
 

0.2877 
 

0.9075 
 

0.5464 2.5672 

 Frames 
7 to 8 

Frames 
8 to 9 

Frames 
9 to 10 

Frames 
10 to 11 

Frames 
11 to 
12 

Frames 
12 to 
13 

Frames 
13 to 
14 

without 
compensation 

1.8736 
 

0.7202 
 

0.4909 
 

0.7146 
 

2.0290 
 

2.8287 
 

4.3092 
 

with 
compensation 

1.5800 
 

0.3466 
 

0.1091 
 

0.4921 2.0158 2.4149 
 

3.1275 
 

 

6.   Conclusions  

The homography error model estimation was not only a useful tool for data fusion, 
but also for improving homography. The bias compensation improves system 
velocity, since RANSAC interaction could be diminished. However, in this 
aspect, more research must be done in order to obtain an appropriate value of 
interactions. Also, lot of further work is necessary in order to improve data fusion 
methodology. It is interesting, to analyze fusion with two or more cameras, other 
sensors technologies or applying artificial intelligence algorithm approaches.   

Acknowledgments 

The authors want to express their gratitude to the National Secretary of Science 
and Technology (SENACYT) of the Government of the Republic of Panama and 
Technological University of Panama (UTP).  



 166 

References 

 
1. M. Quan, S. Piao, M. Tan, and S.-S. Huang, “Accurate Monocular Visual-

inertial SLAM using a Map-assisted EKF Approach,” pp. 1–12, 2017. 
2. F. M. Mirzaei and S. I. Roumeliotis, “A Kalman Filter-Based Algorithm for 

IMU-Camera Calibration: Observability Analysis and Performance 
Evaluation,” IEEE Trans. Robot., vol. 24, no. 5, pp. 1143–1156, 2008. 

3. K. Nirmal, A. G. Sreejith, J. Mathew, M. Sarpotdar, A. Suresh, A. Prakash, 
M. Safonova, and J. Murthy, “Noise modeling and analysis of an IMU-based 
attitude sensor: improvement of performance by filtering and sensor fusion,” 
2016. 

4. M. Alatise and G. Hancke, “Pose Estimation of a Mobile Robot Based on 
Fusion of IMU Data and Vision Data Using an Extended Kalman Filter,” 
Sensors, vol. 17, no. 10, p. 2164, 2017. 

5. S. Romaniuk and Z. Gosiewski, “Kalman filter realization for orientation and 
position estimation on dedicated processor,” Acta Mech. Autom., vol. 8, no. 
2, pp. 88–94, 2014. 

6. E. H. Shin and N. El-Sheimy, “A new calibration method for strapdown 
inertial navigation systems,” Zeitschrift für Vermessungswes., vol. 127, no. 
1, pp. 41–50, 2002. 

7. J.Y.Weng, P.Cohen, and M.Herniou, “Camera calibration with distortion 
model and accuracy evaluation,” IEEE Trans. Pattern Anal. Mach. Intell, vol. 
14, no. 10, pp. 965–980, 1992. 

8. J. H. Brito, R. Angst, K. Koser, and M. Pollefeys, “Radial distortion self-
calibration,” Proc. IEEE Comput. Soc. Conf. Comput.  Vis. Pattern Recognit., 
pp. 1368–1375, 2013. 

9. L. Ma, Y. Chen, and K. L. Moore, “A Family of Simplified Geometric 
Distortion Models for Camera Calibration,” vol. 1, no. 2, pp. 1–14, 2003. 

10. R. Hartley and A. Zisserman, “Multiple View Geometry in Computer Vision 
Second Edition,” CEUR Workshop Proc., vol. 1542, no. 9, pp. 33–36, 2015. 

11. G. L. Scott and H. C. Longuet-Higgins, “An Algorithm for Associating the 
Features of Two Images,” Proc. R. Soc. B Biol. Sci., vol. 244, no. 1309, pp. 
21–26, 1991. 

12.  I. Austvoll and B. Kwolek, “39.Region covariance matrix-based object 
tracking with occlusions handling.pdf,” pp. 1–8. 

 



 
H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and 
Walking Robots and the Support Technologies for Mobile Machines,  
Robotics Transforming the Future 
© ELSEVIER 

CUCUMBER DETECTION FOR PRECISION AGRICULTURE 
APPLICATIONS* 

ROEMI FERNÁNDEZ†, VICTOR ALIENDE, PABLO GONZALEZ-DE-SANTOS, 
MANUEL ARMADA 

Centre for Automation and Robotics CAR CSIC-UPM 
Ctra.Campo Real, km 0.2, La Poveda, Arganda del Rey 28500, Madrid, Spain 

JELENA SURDILOVIC 

Leibniz-Institut für Agrartechnik und Bioökonomie e.V. ATB                                                     
Max-Eyth-Alle 100, D-14469, Potsdam, Germany 

DRAGOLJUB SURDILOVIC 

Fraunhofer-Institut für Produktionsanlagen und Konstruktionstechnik IPK 
Palcalstraße 8-9, 10587 Berlin, Germany 

 

The objective of this research was to explore the feasibility of detecting cucumber fruits in 
field conditions for autonomous robotic harvesting applications. A high resolution colour 
camera and a time-of-flight camera are proposed as primary sensors for the design of the 
sensory system. The preliminary detection algorithm includes a pixel-based classifier that 
labels areas of interest that belong to cucumber fruits and a registration procedure that 
combines the results of the aforementioned classifier with the range data provided by the 
time-of-flight camera. The detection algorithm is extremely simple and efficient, and 
provides a satisfactory discrimination of the cucumbers fruits with respect to the rest of the 
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elements of the scene. Several experimental tests have been carried out in outdoor 
conditions in order to evaluate and demonstrate the capabilities of the proposed approach. 

1.   Introduction 

Over the past two decades, several studies have been conducted to provide 
automatic detection and measurement systems for different features of cucumbers 
crops. For instance, van Henten et al. [1] proposed a combination of two CCD 
cameras, one equipped with an 850 nm filter and the other with a 970 nm filter for 
detecting cucumber fruits grown in greenhouses using a high-wire cultivation 
system, in which every plant is attached to a wire. Experimental tests showed that 
the designed system was able to detect more than 95% of the fruits in a dataset of 
106 cucumbers. A segmentation algorithm based on rough set theory was presented 
in [2] for solving the problem of cucumber identification in greenhouses. However, 
no quantitative results derived from the proposed algorithm were presented. In [3], 
a three-layer back-propagation neural network combined with a texture analysis was 
established to detect greenhouse cucumber fruits. The algorithm was tested on 40 
cucumber plant images, and a detection rate of approximately 76% was achieved 
considering only backlighting conditions. A multi-template matching method was 
utilized by Bao et al. [4] to recognize matured Radit cucumbers grown vertically in 
a greenhouse. Proportional scaling and rotation operations were applied to a 
standard cucumber image to build a multi-template matching library, whereas the 
multi-template matching method was developed by using the normalized correlation 
coefficients algorithm. 

This paper presents the first steps carried out for the design, implementation 
and validation of an efficient, adaptable and robust sensing system for the 
detection of cucumbers fruits in field conditions. The proposed solution differs 
from all previous approaches found in the literature, which mainly focus on the 
detection of cucumbers grown in greenhouses by using wire cultivation systems. 

The manuscript is organized as follows. Section 2 describes the sensory rig 
that has been designed and manufactured for the acquisition of images. Section 3 
presents the algorithm proposed for the detection of cucumbers fruits in outdoor 
conditions. In Section 4, results of this study are discussed. Finally, major 
conclusions and lines of future extensions are summarised in Section 5. 

2.   Description of the sensory system 

The proposed multisensory system consists of an AVT Prosilica GC2450 high 
resolution CCD colour camera and a Mesa SwissRanger SR-400011 TOF (Time-
Of-Flight) 3D camera. The 5-megapixel GC2450 has a frame rate of up to 15 fps 
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at 2448 × 2050 pixels resolution. Meanwhile, the TOF camera provides a depth 
map and an amplitude image at the resolution of 176 × 144 pixels with 16 bit 
floating-point precision and a maximum frame rate of 54fps, as well as x, y and z 
coordinates to each pixel in the depth map. The detection range (radial distances) 
of this device goes from 0.1 m to 5.0 m, and its field of view is 69° (h) × 56° (v). 
The proposed multisensory system is shown in   Figure 1. 

Intrinsic and extrinsic calibration parameters of both cameras (RGB and 
TOF) were estimated by using the Matlab camera calibration toolbox [5]. A 
distance measurement calibration was also carried out in Matlab 
(http://www.mathworks.com/products/matlab/) for the TOF camera by following 
the method proposed in [6]. 
 

 

Figure 1. Proposed multisensory system.  

 

3.   Detection algorithm 

Taking into consideration the configuration described in the previous Section, two 
complementary procedures are proposed for the detection algorithm: a pixel-
based classification procedure that labels areas of interest that are candidates for 
belonging to cucumber fruits and a registration procedure that combines the 
results of the aforementioned classifier with the data provided by the TOF camera 
for the 3D reconstruction of the desired regions. These procedures are described 
below.  

The first procedure, based on Support Vector Machines (SVMs), is capable 
of labelling each pixel of the image into three classes that are: cucumber, leaves 
and background. SVM is a supervised learning method utilized for classifying set 
of samples into two disjoint classes, which are separated by a hyperplane defined 
on the basis of the information contained in a training set [7-10]. In the case at 
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hand, three SVMs are utilized sequentially, each one for detecting a class 
against the rest. Therefore, after the first SVM is applied, pixels identified as 
belonging to cucumber class are labelled and a mask is generated in such a way 
that only the remaining pixels are considered for the following SVMs. This step 
is then repeated for the leaves class and the background class. The SVM classifiers 
are trained by selecting a random subset of samples from the RGB images and 
manually labelling the regions of interest from these images into the three 
semantic classes mentioned above.  

Once regions of interest have been detected in the scene, it is necessary to 
locate them spatially. The TOF camera included in the proposed multisensory 
system provides amplitude, depth and confidence data simultaneously for each 
pixel of the captured image. The amplitude represents the greyscale information, 
the depth is the distance value calculated within the camera and the confidence is 
the strength of the reflected signal, which means the quality of the depth 
measurements. Although TOF data is fundamental for localisation purposes, it is 
still necessary to automatically match this information with the classification map 
obtained from the previous step in a common reference frame [11]. For 
accomplishing this procedure it should be taken into account that TOF images and 
resulting classification maps come from sensors that exhibit different field of view 
and different pixel array size. Thus, data will only depict the same content 
partially, and the pixel correspondence will not be direct. To overcome this 
problem, the random sample consensus (RANSAC) algorithm is adopted for the 
multisensory registration [11, 12]. RANSAC is one of the most robust algorithms 
for model fitting to data containing a significant percentage of errors [13]. This 
iterative method estimates parameters of a mathematical model from a set of 
observed data which contains outliers. As the multisensory system has been 
designed in an enclosure that prevents the relative movements between the 
different elements that compose it, the idea is to use the RANSAC method to find 
the rotation and translation (R, T) that enable the transformation of the TOF data 
into the reference frame of the classification map. In this way, the transformation 
given by (R, T) may be applied to any image acquired with the TOF camera, 
obtaining quickly and efficiently the registered data and it won’t be necessary to 
recalculate this transformation as long as the multisensory rig is not modified. 

4.   Experimental results 

In order to validate the proposed approach, several experimental campaigns for 
acquiring training and ground truth data were carried out in the summer of 2017. 



 171

The experimental field was planted with Liszt cucumbers from the seed 
producer Ryk Zwaan GmBH. 

Figure 2(a, b) shows the RGB image for one scene, together with the 
classification map resulting after applying the first part of the detection algorithm. 
In the classification map, yellow, green and white colours are utilised to visualize 
pixels classified as cucumbers, leaves and background, respectively. In addition, 
the blobs extracted from the classification map are displayed on Figure 3. For each 
blob, the centroid and the area are calculated.  
 

 
(a) (b) 

 
Figure 2. (a) Original RGB image. (b) Resulting classification map. 

 
 

 
 
Figure 3. Resulting blobs provided by the first part of the detection algorithm. 
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Computation of the registration procedure required a significant 
collection of ground truth correspondences (about 300 pairs of points), trying to 
cover the entire field of view of the cameras [11, 12]. Registration procedure was 
tested indoors and outdoors, in order to evaluate possible interferences due to 
natural light (direct sun light), as well as the response to objects exhibiting 
different geometries. For this purpose, several landmarks were located in a scene 
with known objects, in order to measure the deviations. Table 1 summarizes not 
only the minimum and maximum errors but also the mean errors in each axis for 
indoor conditions. Table 2 gathers the obtained results for outdoor conditions. 
Figure 4 shows two close-up views of a registered region of interest extracted 
from the scene displayed on Figure 2(a). 
 

 
 

Figure 4. Close-up views of a registered region of interest extracted from the scene displayed on Figure 
2(a). 

 
Table 1. Position errors from the TOF registered data in indoor 
conditions. 
 

Axis Minimum error [cm] Maximum error [cm] Mean absolute error [cm] 

X 0.2 1.3 0.8 

Y 0.3 1.6 1.1 

Z 0.1 2.2 1.0 

 
Table 2. Position errors from the TOF registered data in outdoor 
conditions. 
 

Axis Minimum error [cm] Maximum error [cm] Mean absolute error [cm] 

X 0.5 1.9 1.4 

Y 1.0 2.3 1.7 

Z 0.4 3.0 1.5 
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Assuming that cucumbers are always lying on the ground, it is possible to use 

resulting registered data for improving detection algorithms. The idea is to discard 
all the blobs that are located above a predefined height (false positive detections). 
Figure 5 shows results of this procedure for the scene displayed previously on 
Figures 1-3. In this way, only blobs that correspond with the cucumbers are 
preserved. 
 

 
(a) (b) 

 
Figure 5. (a) Original RGB image. (b) Detection result after discarding blobs located above a 
predefined height. 

5.   Conclusions 

This paper proposes a multisensory approach for the detection of cucumbers in 
natural scenarios. The solution includes a high resolution colour camera, a TOF 
camera, and a detection algorithm composed of a pixel classifier based on SVMs 
and a registration procedure that combines the resulting classification map with 
the data provided by the TOF camera, in such a way that the range data can be 
associated to the image pixels identified as cucumbers.  

Preliminary experimental results demonstrate the feasibility of the proposed 
approach and highlight the advantages of the solution. The simplicity of the 
sensory rig in comparison with other multispectral approaches decreases the total 
cost of the system and makes the future harvesting robot in which it is 
incorporated more competitive in the market. 

Future work will be directed to reduce the detection and localization errors in 
order to achieve a more robust application.  
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VISUAL CONTROL OF A ROBOTIC ARM 
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Abstract. Integration of robot control with computer vision is an emerging technology. 
The ability to capture a real world scenario, filter out a specific object, and then localise it 
with respect to a specific point opens up many avenues for future technologies. In this 
paper, computer vision is integrated with a 6-DOF robotic arm. The aim is to develop a 
methodology for controlling a robotic arm through visual interaction. The investigations 
carried out include mathematical and geometrical representation of the physical 
manipulator, object detection utilising a colour segmentation approach, establishing 
communications from the command line of the visual recognition program with an Arduino 
and development of a user orientated software package that integrates the two key 
objectives. 

Keywords: Robotic arm, computer vision, object localisation. 

1. Introduction 

The aim for most robotic designs is to alleviate the need for human intervention; 
that is, for robots to perform tasks with more efficiency, accuracy and precision 
over a more sustained period. For a robot to execute a task in this manner, it needs 
to be equipped with human-like senses; somatosensation, audition, vision, balance 
and local body orientation. With the advancement of digital cameras, machine 
vision has become an interesting field of discovery. One of the key tools 
developed is OpenCV, which is an open-source computer vision library [1]. 
Scenarios utilising computer vision use a digital camera attached to the end-
effector [2], a fixed [3] or a mobile robot [4]. The fixed approach has proved more 
accurate with its detection compared to mounting the camera on the end-effector 
and to the mobile robot due to error caused by vibration through their movement. 
To overcome this, stereovision has become a viable option, with algorithms 
developed to achieve synchronised vision using two cameras [5]. 

Two main image-processing routes are widely used due to their accuracy rates 
and amount of relevant literature available. The first technique utilises colour 
detection within the Hue, Saturation and Value (HSV) scale [6]. The HSV 
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parameters are varied to single out a specific colour before morphological 
operations are performed on the image to increase the accuracy of detection. The 
alternative to this is to use grayscale, which is a binary image equating the light 
intensity of each pixel with a particular shade of gray [7]. Similar to HSV, the 
BGR/RGB image is converted to grayscale in order to be processed. Once in this 
binary form an algorithm called canny edge detection is used to single out 
particular objects [8]. The detected object will have a white line around its edges, 
signifying the location. The major issue coming out of these two approaches are 
the accuracy of detection due to lighting and camera quality.  

The work presented in this paper focuses on the control a 6 degree of freedom 
(DOF) robotic arm. In order to orientate the end-effector of a manipulator to a 
particular Cartesian coordinate, the inverse-kinematics approach is adopted, 
where the Cartesian space is transformed into joint variable space. There are 
several approaches available for solving the inverse-kinematics problem for a six-
joint manipulator. These include inverse transform, screw algebra, dual matrices, 
dual quaternion, iterative and geometric approaches [9]. The possibility of 
extensive modelling of the approach chosen is imperative. The geometric 
approach was selected in this study as it enables modelling of all six joints 
individually and concurrently, providing extensive understanding of response of 
each joint. The work presented forms the basis of integrating machine vision with 
robot control. The concept could be extended for implementation in areas such as 
hazardous environments, exploration or explosive ordnance disposal. 

2. Control Algorithm 

Figure 1 shows the physical and mathematical representations of joint 1 of the 
manipulator. An external camera with a limited field of vision; 60°, is used, and 
to allow maximum coverage of the manipulator’s workspace, the camera is 
mounted, at a 45° angle and located approximately 38cm to the left of the base of 
the robot. 

   
 (a) (b) 

Figure 1: (a) Physical representation of ioint 1. (b) Mathematical 
representation of joint 1. 
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The geometric approach to solving the inverse kinematics problem for a 
six-joint manipulator produces several solutions depending on the desired 
orientation of the arm. In order to minimise the number of solutions available, 
enabling full robot autonomy, the six joints are broken down into sections. Each 
section, in turn, is then analysed and an algorithm for its control is generated, 
along with a visual representation of the joint. 

The purpose of joint 1 is to orientate the robot arm in the direction of the object. 
For the servomotor to move to a desired location, a joint angle must be specified. 
If the servomotor is already stationed at 90° and a new angle is specified, the 
servomotor would move from 90° to the new angle. This functionality means that 
the displacement angle of the object needs to be referenced to a fixed point, p̂ . 

 
Figure 2: Mathematical & geometrical representation of joints 2 & 3 

The final three joints would orientate the end-effector so that it is perpendicular 
to the face of the object it is grabbing. With this operation joints 2 and 3 would 
position the arm so that joint 4 is able to rotate the final joints to this objective. 
Figure 2 shows a geometric representation of joint orientations, where x and y are 
the desired coordinates of joint 4, 2l  and 3l  are the lengths of link 2 and link 3 

respectively, a  is the magnitude of x and y , 2  is the displacement angle of joint 

2 from the x -axis, 3  is the displacement angle from the continuation of link 2 

and link 3,   is 3   ,   is the difference of  2  , where   is the 

displacement angle of a  from the x -axis. The calculation for each parameter is 
as follows: 
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 ߶ ൌ ,ሺ߶ሻݏ2ሺܿ݊ܽݐܽ  ሺ߶ሻሻ  (1)݊݅ݏ

where, 

ሺ߶ሻݏܿ  ൌ ଶమାଷమିమ

ଶ⋅ଶ⋅ଷ
 (2) 

ሺ߶ሻ݊݅ݏ  ൌ േඥ1 െ  ଶሺ߶ሻ (3)ݏܿ

ଷߠ  ൌ 180 െ ߶ (4) 

ߚ  ൌ ,ݔ2ሺ݊ܽݐܽ  ሻ (5)ݕ

ߙ  ൌ 2ሺ݈2݊ܽݐܽ  ሺ݈3 ⋅ ,ଷሻሻߠሺݏܿ ݈3 ⋅  ଷሻሻ (6)ߠሺ݊݅ݏ

ଶߠ  ൌ ߙ   (7) ߚ

Therefore, the resultant servo joint angles are given as 

2ݐ݊݅ܬ  ൌ 90   ଶ (8)ߠ

3ݐ݊݅ܬ  ൌ 90    ଷ (9)ߠ

3. Pinhole Camera Model 

The pinhole camera model depicted in Figure 3 shows the approach for real world 
mapping onto an image plane for a calibrated camera at a single instance of an 
objects depth from the camera. ܨ  is the optical centre, from which all of the 
information from the real world is passed to the image plane.  The distance from 
the optical centre to the principal point changes depending upon the real world 
value of the objects distance from camera, known as the focal length. Calibrating 
this enables rudimentary calculation of the objects distance from the focal point. 

Figure 4 shows measured values of focal length as function of distance from 
optical centre. The blue line in Figure 5 illustrates how the focal length changed 
with respect to the distance of the object. As the object moved further away, the 
focal length increased, insinuating that it was increasing the distance from the 
optical centre to the principal point allowing more information from the real world 
to be captured. The line of best fit generated a function for the focal length as 

 ݂ሺݖሻ ൌ ሺ0.2537 ⋅ ሻݖ  658.7 (10) 
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Figure 3: Pinhole camera model [10]. 

 
Figure 4: Focal length with respect to distance of object from optical centre. 

4. Object Detection and Localisation 

Figure 5 illustrates the procedure undertaken within the visual recognition 
algorithm. Utilising the colour segmentation approach, understanding the HSV 
scale was imperative. Hue defines the colour type; saturation defines the 
brightness and value the intensity of the colour. OpenCV enables user interactivity 
through graphical user interfaces. In this case, a trackbar was used to vary the 
values of HSV to visualise the filtering. Once filtering has taken place the 
threshold image undergoes morphological operations; erosion, dilation and 
Guassian blur, removing any unwanted noise in the frame. After the object has 
been correctly filtered its contours and centre of mass are detected, with a 
bounding box and centre circle displayed to the user on the camera frame. The 
focal length is updated on each frame, increasing its precision, from which the ݔ, 
 coordinates with respect to the camera frame are generated. These are then ݖ & ݕ
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rotated and translated with respect to the robot base in order for the joint angles 
to be calculated. 
 

Convert BGR to HSV  Calculate Joint Angles 

     

Filter HSV  Calculate X, Y & Z w.r.t. Robot Frame 

     

Morphological Operations  Calculate X, Y & Z w.r.t. Camera Frame 

     

Contour Detection  Update Focal Length 

     

Centre of Mass 

Figure 5: Visual recognition algorithm 

Figure 6 demonstrates the visual recognition program detecting the yellow 
object; drawing a bounding box around it as well as its centre of mass, displaying 
its dimensions in pix-els and millimetres and its location in pixels as well as with 
respect to the robot base in millimetres. The left hand frame is the camera feed, 
the right hand frame is the threshold image, and the two lower trackbar boxes are 
used to vary the hue, satura-tion and value parameters and the object’s dimensions 
in millimetres. 

 

Figure 6: Visual recognition program detecting and localising object with respect to 
robot base. 
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5. Communication 

The communications platform CoolTerm was chosen as the means of 
communication [11]. This piece of software accesses the USB port and sends a 
string of characters in ASCII format via TTL logic. At first, the TX-RX cables of 
the TTL were connected to the Arduino. With some manipulation of the 
SoftwareSerial library within the Arduino, the ASCII characters were converted 
back to decimal integer format, allowing a more complete design to digest and 
disseminate data effectively and efficiently ensuring the robot autonomously 
orientates itself to grab an object. 

6. Results and Analysis 

Object detection and localisation was achieved, yet with some error. The 
curvature of the lens assumed the object was closer to the centre than it actually 
was. However, as the curvature was uniform it could be modelled and an error 
reduction algorithm was generated to compensate for this undershoot. 
Implementing the error reduction algorithm the visual recognition program 
correctly detected and localised a block coloured object with respect to the robot 
base. The servomotor controlling the first joint produced some error due to the 
loading of the successive joints and object. The servomotor was undershooting 
from 45º - 135º and overshooting from 0º - 45º and 135º - 180º. An algorithm was 
written to compensate for this under and overshooting. A communications 
platform was established utilising the software program CoolTerm. Data was sent 
and received as ASCII characters between the Arduino and the program correctly. 

7. Conclusion 

A visual approach for control of a 6DOF manipulator has been presented. The 
robot arm and camera have been mounted on one solid base with the camera 
positioned to maximise its field of vision. Although low quality, the camera has 
still correctly detected and localised the object on each trial. Reasonable accuracy 
in object detection and localisation has been achieved, and any errors caused by 
the quality of the camera have been mitigated by introduction of an error reduction 
algorithm. The visual recognition program has been shown to correctly detect and 
localise a block coloured object. The work presented provides a framework for 
further research into object detection and localisation, as well as precise robot 
control. 
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This article describes a novel mobile manipulator robot designed to work at

height on construction sites. The robot comprises a mobile platform and a

scissor lifter on which an ABB 6 dof manipulator is mounted. The mobile

base is characterised by holonomic kinematics, provided by a novel designed

omnidirectional wheel system that can travel directly and autonomously to

desired poses. The robot was successfully tested in a construction site scenario

to perform drilling tasks.

Keywords: Construction site; Mobile manipulation; Holonomic, omni-wheel,

ROS.

1. Introduction

Construction work involves a variety of challenging and hazardous scenar-

ios which cannot be easily automated. The main issues that need to be

addressed are the dynamic and relatively unstructured environment and

the complexity of the tasks that need to be carried out. Hence, the indus-

try has traditionally relied heavily on manual processes and has not made

major productivity gains found in other sectors; in addition, it is suffering

from widespread labour shortages.

Given these issues, efforts are being made to introduce innovations such

as automation and robotics to improve worker safety and increase produc-

tivity levels in line with other domains, as it is well known that robotics and

automated systems have the potential to address revolutionise the field. In

many applications, robots are more efficient and more precise than humans

and can perform dangerous and physically demanding tasks, thereby re-

ducing the risk to workers and allowing them to focus on more cognitive

tasks. As robotics continues to advance, construction firms are becoming

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
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more receptive to adopting automated processes. Many diverse applications

within the industry can be enhanced using robotic technology, e.g. tradi-

tional activities such as welding, cutting, material handling, and drilling.

Variations of robotic construction platforms have been developed since

the 1970s, with on-site operations beginning in the 1980s.1 The speciali-

sation of construction robots in bricklaying, welding, demolition, and sur-

veying sectors have been advanced, due to the repetitive and monotonous

nature of the work. Anlinker et al.,2 Lehtinen et al.,3 and Slocum et al.4

developed some of the earliest bricklaying and welding robots, utilising

robotic grippers on a moveable platform. Dharmawan5 outlines the devel-

opment of an agile robotic arm mountable on scaffold structures (used for

in situ large-scale construction), highlighting the need to reach elevated

heights on construction sites. Since 2012, nLink from Norway6 has been de-

veloping a mobile scissor lifter fitted with a robotic arm, providing on-site

assistance for overhead drilling with autonomous control. However, until

recently, manufacturing and assembly robots have been confined to the

regulated workcells in industrial environments. With the advent of innova-

tive localisation and detection systems, other types of service robots have

recently been emerging because they can operate more readily in wider

rugged environments such as construction sites.5,7

Precise control of construction robots is vital in compliance with safety

regulations to ensure safety and effectiveness, especially as there are many

possible hazards present on building sites. Efficient collision-free path plan-

ning is particularly important and has been explored in8 to achieve obsta-

cle avoidance in an unknown environment with static and dynamic obsta-

cles. Different levels of autonomy have also been explored for construction

robots, mainly fully autonomous robots and teleoperated robots.

The objective of this paper is to introduce a mobile robot that was

developed to carrying out a variety of tasks in construction sites. The re-

mainder of the paper is as follows. Section 2 describes the methodology used

to select the robot’s kinematics and Section 3 presents details of the robot

developed in a systematic manner starting from system design, mechanical

design, and ending with software and control. Section 4 presents results of

experiments carried out to test the robot and section 5 presents conclusions

from the research.

2. Methodology of selecting robot’s kinematics

The most important part of work was to select a kinematic configuration of

a robot that can provide high manoeuvrability, good obstacle crossing ca-
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pabilities, good stability during all operations and high positional accuracy

while being relatively easy to develop and manufacture. The main purpose

of the mobile platform is to carry the robotic arm while it performs manip-

ulation tasks. Thus, the platform must have good stability when stationary

otherwise extrinsic motion errors may be introduced in the robotic arm sys-

tem, affecting the accuracy of the arm’s end effector position. The platform

must also have precise and stable control to enable the above criteria to be

met.

The desired manner of motion determines the type of drivetrain sys-

tem used for the mobile platform. Typical drivetrain configurations include

Ackermann steering, differential drive, and omnidirectional drive. Acker-

mann steering is the least manoeuvrable of the three as the turning circle

is greatly limited, and zero radius turns cannot be accomplished. Differ-

ential drive is more manoeuvrable, although estimating the orientation is

more difficult. It also requires greater power, and it is difficult to find tyres

that can withstand differential drive turning for a long time. Swedish or

Mecanum wheels have greater manoeuvrability and do not require high

power to turn, although these types of wheel require a clean surface to

operate.

To confirm the drive system selection, two small pre-prototype robots

were designed and built. One was designed with an omni wheel configura-

tion using four Swedish wheels connected to individual drive motors. The

second was built using four classic wheels, each with its own drive and

steering motor stack, in an omni steering arrangement. Both robots were

developed with similar control architectures. Through experimentation and

trials of the two systems, it was found that the omni steering was the op-

timal design for our application.

3. Mobile platform

The developed mobile platform is a semi-autonomous scissor lifter with four

novel omni wheels. The maximum height of the scissor lifter is 2 metres. The

lifting mechanism is a hydraulic cylinder what can lift payloads of up to 150

kg. The driving system consists of four omnidirectional wheels, where each

wheel is powered by two actuators: the first is responsible for yaw motion

(turning), and the second is responsible for normal rolling to drive the robot.

The second wheel, which is responsible for moving the robot, is attached to a

passive suspension system. The omni wheel is controlled by a custom lower-

level controller that regulates desired roll speed and yaw actuator position.

The mobile platform is also equipped with a mobile camera, allowing visual
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Fig. 1. The preprototypes developed to compare properties of kinematic configuration.

Left - a robot with Swedish wheels, Right - a robot with omnidirectional wheel.

observation on an external computer. The main controller of the platform

runs on Robot Operating System, which allows easy adaptation and quick

development of future components. In the current version, the robot can

autonomously travel to the desired pose via a series of waypoints, and

stops if obstacles are detected. The platform has been designed to allow

easy transportation to various construction sites (the footprint is like a car,

and a winch is fitted to the front of the chassis).

Fig. 2. The final robot developed within the project.



April 17, 2018 11:58 WSPC - Proceedings Trim Size: 9in x 6in ”CAMERA (002)”

187

3.1. Safety

While there are currently no standards specifically for ”construction

robots”, the developed robot would be covered by the following safety and

risk assessment standards:

• ISO 10218:2011: Robots and robotic devices Safety requirements for

industrial robots (Part 1: Robots9 & Part 2: Robot systems and integra-

tion10)

• ISO TS 15066:2016: Robots and robotic devices Collaborative robots11

• ISO 13482:2014: Robots and robotic devices Safety requirements for

personal care robots12

• ISO 12100:2010 Safety of Machinery General Principles for design Risk

assessment and risk reduction13

To comply with these standards, a number of safety features were im-

plemented at different levels of the robot system:

High-level software

(a) Functional safety-related control - an immediate Emergency STOP

command can be sent by E-stops initiated manually to take the

robot to a safe state and shut down the system.

(b) Obstacle detection system - the system can identify and avoid ob-

structions at ground level.

(c) Constant monitoring of robot’s inclination - the scissor lifter will

automatically retract if the platform is in danger of tipping.

Lower-level hardware

(a) Motor protection - the controllers have over-current, over-voltage

and short-circuit protection sub-systems.

(b) Limit switches - safety switches on the wheel stack prevent yaw

motors from exceeding their rotation limits.

Electrical safety-related features

(a) Use of safe voltage - Extra-low voltage (ELV) of 48 VDC and 12

VDC are used (except for the ABB robot arm), which minimises

the risk of electric shock.

(b) Isolation of ABB power supply from the mobile platform - power

supplies are separated in accordance with separated extra-low

voltage (SELV) describe in IEE Wiring Regulation BS 7671.14

(c) 4 Emergency STOP buttons around the robot - in the event of

software failure, relays can physically cut power to the motors.
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(d) 1 Emergency STOP button tethered to robot - a button that is

not fixed to the chassis can be activated at a distance from the

robot platform.

(e) Toggle power switch

(f) Optimally selected motor torque

Mechanical safety-related features

(a) Minimal number of sharp corners, pinching, crushing point, etc

(b) Partially enclosed rotating and hydraulic equipment

(c) Intrinsically stable static design.

3.2. Mechanical design

The base of the robot is built around a scissor lifter to which four omni

wheels are attached. The key element of the design is an omni wheel that

allows the robot to travel in any direction without re-orienting the robot

chassis. The base of the wheel stack consists of a fork element that holds

a driving wheel. The wheel is actuated from the side by a BLDC motor,

while a DC motor rotates the fork element. The fork is supported by two

bearings that can support axial and radial loads. The whole stack must

withstand high stresses due to the considerable mass of the overall robot

(550 kg); hence, stress and fatigue analysis was an important element of

the design process.

3.3. Hardware architecture

The omni wheel motors are directly controlled by MaxonMotor controllers,

which amplify the signal from embedded computers using a custom-

developed control framework. Each omni wheel’s computer regulates the

yaw position and roll speed. This sort of structure is compatible with a stan-

dard kinematics model of a mobile robot; thus, it was easy to implement

the kinematic-based controller. That omni wheel computer communicates

with the main controller (laptop with ROS installed) via UART protocol.

3.4. Software and control

The software architecture for the robot is based on ROS (Robot Operat-

ing System)15 as middleware, installed on a computer running Linux. The

majority of code is developed using Python except for critical performance

parts, where C++ is used. The JSON-ROS bridge server is developed at

the top of the architecture to accept requests from a server that controlled a
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DC motor

(yaw motion)

suspension system

BLDC motor

(roll motion)

sample stress analysis on a fork element:

wheel

Fig. 3. The omni-directional wheel - a key element of a robot
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Fig. 4. The general overview of a system design

high-level construction site scenario. The JSON server translates incoming

strings to ROS service requests and topic data, and converts ROS service

responses to JSON string feedback and sends this back to the scenario

server. The heart of the system is the autonomous controller module which
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processes localisation and obstacle avoidance data and publishes motion

commands to drive each wheel individually. For the lower level control, two

custom hardware interface modules were developed to communicate with

the omni wheels via serial connections.

4. Experiments

The developed mobile platform allows for controlling the robot by using a

variety of kinematic strategies; three strategies have been explored; namely,

Ackermann steering, modified Ackermann steering in which the rear wheels

rotate in the opposite direction to the front wheels, and holonomic motion

that exploits omni wheel motion features. In the first series of experiments,

the robot was moved to a specific pose with the selected kinematics. During

the experiments the pose of the robot was estimated only based on encoder

odometry; thus, the positional accuracy in the tested system depended on

many factors, such as the path travelled, obstacles, and wheel slip. When

moving in a square of approximate area 10x10 metres, the platform was able

to position itself with approximate accuracy of 30 cm, which was sufficient

for a mobile manipulator base to reach the desired drilling locations so

that the manipulator can carry out the drilling task to the desired level of

accuracy.

In the final series of experiments, a scenario was tested where the robot

task was to drill at precise locations in a construction site environment.

The scenario involved mobile robot platform navigation to the required

location, raising the scissor lifter to ensure the point of interest is within the

workspace of the robot arm, and finally arm movement control and evaluate

the performance of drilling tasks. To drill precisely, the ABB manipulator

was localised with an OptiTrack camera system. This allowed successful

task completion.

5. Conclusions

This paper describes the development of a novel mobile platform for use

in the construction industry to perform mobile manipulation at height.

The robot can move autonomously to a specific pose by exploiting three

different kinematics. The omni wheel design has permitted a satisfactory

improvement in robot manoeuvrability, stability, and ability to overcome

obstacles when compared to pre-existing similar robots. The platform can

be used for a variety of novel applications within the industrial construction

site and beyond.
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This work is aimed at discussing the solution of the inverse kinematic problem using Multi-
Objective Evolutionary Algorithms (MOEA) for a vehicle-arm redundant robot. A 
simplified 5 DoF model was used to simulate the problem and the objective functions were 
properly selected assuming underwater operation. In addition, we present a review of the 
most important techniques used for solving the inverse kinematic problem, focusing at the 
end on the application of a Non-Dominated, Sorting, Elitist MOEA with nonlinear 
constraints. 

1.   Introduction 

Currently, robotics plays an important role in increasingly complex engineering 
applications, with high demands in terms of dexterity, such as the performance of 
underwater robots; which in most cases are redundant [1-4].  In this work, we are 
interested in the case of redundant systems composed of a mobile platform and a 
manipulator arm, that could be used for ship’s hull cleaning and maintenance. 
     The buildup of organisms on the side of boat hulls, propellers, and other 
infrastructure in marine environments increases fuel consumption and 
ecosystem’s problems of invasive species.  Many ship owners periodically deploy 
divers to inspect ship hulls and remove the buildup of organism, known as 
Biofouling [5].  Hull cleaners are autonomous or semi-autonomous underwater 
robot used to scrub hull clean while still in the water.  The use of Robot cleaners 
can result in fuel savings and reduce the risk of the task itself. 
    There are several functional prototypes and patents developed for the 
inspection and cleaning of underwater surfaces. We can classify the different 
cleaning systems as, fastening methods to the hull surface and maneuverability 
mechanisms [6-9].   The results of this work will be applied to development of a 
manipulator on a free-floating submarine vehicle for inspection and cleaning of 
the target. Cui and others [10] reviewed the different challenges in terms of 
navigation of a mobile base and manipulation in conjunction with a robotic arm 
from four important aspects: positioning of the mobile robot by means of (GNSS), 
navigation based on vision and visual servo, robotic manipulation, planning and 
control of trajectories.  
    The present development analyzes the implementation of a method for the 
control of a redundant robot performing multiple prioritized tasks in the presence 
of limits in the joint range, speed and acceleration / torque efficiently. 
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     The redundancy problem is described such that, given a desired trajectory, 
ሻݐௗሺݎ ∈ ܴ, defined in a coordinate system for the end effector of a manipulator, 
it requires the corresponding displacements in the joint space of the robot, the sets 
of vectors ߠሺݐሻ ∈ ܴ, where ݉ ൏ ݊, using the definition: ݎௗሺݐሻ ൌ ݂൫ߠሺݐሻ൯, where 
݂ሺ∙ሻ is the direct kinematics, which is nonlinear and differentiable with a structure 
and known parameters, for a given manipulator robot. 
Several methods have been proposed as resolutions for the redundancy problem, 
and to characterize multiple approaches, two general methods have been proposed 
[11], indirect methods and direct methods.  Indirect methods, such as the 
Pseudoinverse method, the Extended Jacobian method, kinematic optimization 
methods and the Lyapunov method or gradient method, are differential methods 
that are computationally intensive, so they are developed offline under previously 
specified optimization criteria.  The main disadvantages with this type of methods 
are that solution of the optimization problem only guarantees to be locally optimal 
and that the algorithms used exhibit numerical difficulties when the manipulator 
is close to kinematic singularities [12-14].  Differential control algorithms must 
be initialized with some joint configuration, θ, from the set of possible solution.  
Then the manipulator is kinematically controlled by the desired trajectory while 
remaining within the set of solutions [15].      
On the other hand, there are direct methods based on the approach of solving the 
inverse function of ݂ሺ∙ሻ in a closed form or approximate form.  Direct methods 
seek the explicit resolution of redundant degrees of freedom.  These tend to be 
fast, but generally require strong assumptions regarding the structure of the set of 
possible solutions [11]. Generally, task dependent constrains need to be specified 
to accommodate the redundancy. 
     The inverse functions are local and cyclical and because their evaluation is 
frequently rapid, when these can be determined, they are computationally suitable 
for real time control [16].  It must be considered that expressions in closed form 
for inverse kinematics are difficult if not impossible to determine, however it is 
possible to adapt approximate forms of these using neural networks or other 
approximation methods for nonlinear functions. 
     Traditionally, three models have been used to solve the inverse kinematic 
problem: geometric models, algebraic models and iterative models [17]. The use 
of geometric models is limited by the complexity of the structure, while algebraic 
models do not guarantee a closed form solution [18].  In iterative methods, 
convergence depends on the initial point of evaluation and are computationally 
prohibitive, which is why many researchers have focused their work on solving 
inverse kinematics using Artificial Neural Networks (ANN). 
     The application of Neural Networks to construct self-organized maps of the 
inverse kinematic problem, are well referenced [18-20]. In those works, the 
kinematics of non-redundant and redundant robots is solved after training the 
ANN for a period, yielding a unique solution corresponding to the desired position 
in the workspace.  Recently, the work of hybrid approaches based on Neural 
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Networks has allowed the training of ANN with variable optimization criteria 
over time, which was not possible on earlier works [10]. As example, Jin, L. and 
Li, S [21], use a Dynamic Neural Network to solve a problem of optimization of 
the manipulability of a redundant robot, transforming it into the resolution of a set 
time variants non-linear equations.  However, the major drawback of using ANN 
are still the difficulty of how to collect training sets, and that the training process 
when gradient-based learning algorithms is very slow, especially for a complex 
configuration, or a large set of training data. 

2.   Genetic Algorithms and Multi-Objective Evolutionary Algorithms 

When formulating the redundancy problem, as a case of optimization, the 
techniques based on Genetic Algorithms (GAs), take relevance.  The GAs are 
methods that solve constrained and unconstrained optimization problems and the 
popularity of their use is because they are naturally appropriate, with some 
modifications, for cases of multi-objective optimization.  GA allows a population 
composed of many individuals to evolve under specific rules of selection towards 
a state that maximizes fitness (function aptitude) or cost function.  The GA 
subsequently modifies the population of individuals, which represent the possible 
solutions.  On successive generations, the population evolves towards an optimal 
solution. This method solves a variety of optimization problems such as 
discontinuous, non-differentiable, stochastic or highly non-linear functions, 
which are intractable under other optimization techniques [22]. 
     Non-dominated Sorting Genetic Algorithm (NSGA) [22], was one of the first 
MOEAs, and from its use the following disadvantages have been highlighted [23]: 
a high computational cost, lacks elitism, and finally must specify the exchange 
parameter, which is a parameter that ensures diversity and equivalence in the 
solutions.  From here on, various modifications and new MOEAs algorithms have 
been developed [23, 24]. 

2.1.   MOEAs Constraints Management 

This work involved the optimization of multiple cost functions to solve the 
kinematic redundancy of a robot manipulator, subject to several constrains 
equations, which are related to the task and the robot configuration itself.  In 
general, an optimization problem can be defined as, 

 
min max 									 ݂ሺݔሻ,													݉ ൌ 1,2, …  ;ܯ,

ሻݔሺ݃					ݐ	ݐ݆ܾܿ݁ݑݏ                     0,												݅ ൌ 1,2, …   (1)                           ;ܫ
                  ݄ሺݔሻ ൌ 0,													݆ ൌ 1,2, …  ;ܬ

ݔ														    
  ݔ  ݔ

௦௨,			݇ ൌ 1,2, … ,  ;ܭ
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where 	 ݂ሺݔሻ are the fitness or cost functions and  ݃ሺݔሻ  0 and ݄ሺݔሻ ൌ 0 
are inequalities and equalities constraints, respectively.  The constrained 
optimization divides the search space into two regions; feasible (those solutions 
that comply with the constrains) and not feasible.  It’s clear that the set of optimal 
solution, Pareto-optimal, must belong to the feasible region. A possible solution 
would be for the MOEA to assign more pressure to the group that violates the 
constraints to a lesser degree, so in this way the algorithm is provided with a 
direction in the search for a feasible region [22]. 
     Another popular technique for handling constraints is the penalty function 
approach, in which, the objective and the normalized constraints are added and 
multiplied by a factor that penalizes them based on a minimization process. A 
drawback is that this factor needs to be updated according to some strategy. In the 
literature we can find several works [17-27], which present static and dynamic 
strategies for updating the penalty factor according to the objectives. The quality 
of the solution obtained depends on factor’s quality.   Recently, in the works of 
Fan, Z. et al. and Chehouri, A. et al.  [27, 28], the authors claim that the 
penalization approach deviates from the philosophy of evolution of the algorithms 
and propose a technique that preserves the main concept of the GAs, developing 
rules that include the value variations of the constraints for the selection and 
generation of new individuals.   In this work, the last approach was used for 
handling the nonlinear equality constraints. 

3.   Inverse Kinematic Solution of a Vehicle-Arm Robot 

In this section we present the solution of the inverse kinematic problem of a 
vehicle-arm robot model using a Non-Dominated, Sorting, Elitist Algorithm 
MOEA II, developed by Deb, K. [23].  The fitness functions were selected to 
maximized manipulability and minimized joint angle average displacement when 
moving to consecutive points of the trajectory.  
For the application of the MOEA II, the individuals of a population are defined as 
configurations, q, of the vehicle-arm, which will be used to evaluate two fitness 
(objective) function. Figure 1 shows the 5 DoF planar model and the generalized 
coordinates used.   
In the context of evolutionary multi-objective minimization problems, the term 
dominance refers to the case when the evaluation of a fitness functions, ݃, for an 
individual q1 gives smaller values than for other individual q2: 

 
݃ሺሻ  ݃ሺሻ				∀	݅                                                  (2) 

݃ሺሻ ൏ ݃ሺሻ				݂ݎ	݁݉ݏ	݆ 

Thus, q1 dominates q2. The group of individuals that have noninferior fitness 
function values are non- dominated by any other individual and its set is called a 
pareto front. Therefore, for each individual on the Pareto front, one fitness 
function can only be improved by degrading another. 
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Figure 1. Vehicle – Manipulator Schematic: The generalized coordinates of the robot, q, are shown. 

3.1.   The MOEA II algorithm 

The MOEA II was implemented in MATLAB. The first step in the algorithm is 
creating an initial population (200 in our case) which is feasible with respect to 
the nonlinear constraints and the joint angles bounds. In this algorithm both, the 
objective function and constraints values are used to obtain scores for the 
population.  
After each next generation is created from selected parents, the children are 
obtained by mutation and crossover.  Afterward, all infeasible individuals are 
assigned a lower rank than any feasible individual. Within the infeasible 
population, the individuals are sorted by an infeasibility measure, which we take 
as the value of the constraints function. For the new generation, the current 
population is combined with the children. 
For a controlled elitist GA, it is important to maintain the diversity of population 
for convergence to an optimal Pareto front (23). The diversity is increase by 
keeping some of those individuals of the current population that are relatively far 
away of the pareto front. In addition, the number of individuals on the Pareto front 
(elite members) is limited using a fix fraction.  

3.2.   The Model and Simulation Results of the Vehicle-Arm system 

 The direct kinematic function ݂ሺݍሻ, in equation 3, defines the position and 
orientation of the end effector ሺݔ, ,	ݕ  ሻ in terms of the generalized coordinatesߠ
,ݍ ,ଵݍ ,ଶݍ ,ଷݍ  .ସ, as shown in figure 1ݍ
 

fሺሻ ൌ 
0ݍ  ݈1 ∗ 2ሻݍሺݏܿ  ݈2 ∗ 2ݍሺݏܿ  3ሻݍ  ݈3 ∗ 2ݍሺݏܿ  3ݍ  4ሻݍ
1ݍ  ݈1 ∗ 2ሻݍሺ݊݅ݏ  ݈2 ∗ 2ݍሺ݊݅ݏ  3ሻݍ  ݈3 ∗ 2ݍሺ݊݅ݏ  3ݍ  4ሻݍ

2ݍ  3ݍ  4ݍ
൩				ሺ3ሻ 

 
For the intended application, it is important to assure a manipulability as high as 
possible to exert the require forces while following the desired trajectories on the 
vessel surface.  Thus, Yoshikawa’s manipulability index was used as the first 
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Fitness Function.  A second function, the square root of the difference between 
consecutive configurations, ݍො

௧ െ ොݍ
௧ିଵ, is used to assure that the optimal 

configuration of two consecutive points in the trajectory are close.     In addition, 
since it is easier to control the joint angles than the vehicle position in the water, 
a reducing gain, ܭ, is used for the first two coordinates in the second fitness 
function to reduce as much as possible the motion of the vehicle or platform.  
Thus, the optimization problem is stated as: 

min						

															݃ ൌ
1

ܻሺሻ  1
; 		where	ܻሺሻ ൌ ඥܬሺሻ்ܬሺሻ

ܵሺݍොሻ ൌ ඨܭሺݍො
௧ െ ොݍ

௧ିଵሻଶ



																		ሺ5ሻ			 

   Subject to:       fሺሻ ൌ      ;   ොௗܠ     .௦௨
 
 
 
 
 
 
 
 

  
Figure 2.  Effect of applying different gains to q0 and q1. with K=10 (left) and K=100 (right),   
 

Where ܠොௗ, is the desired position and orientation of the end effector,  and  ௦௨are 
the lower and upper bound of the joint angles, and ܬሺሻ is the Jacobian matrix, 
which obtained by direct differentiation of equation.  Figure 2, shows some of the 
typical results obtained when a series of positions of the end effector are given 
and a fixed orientation pointing in the positive x direction is asked.  The effect of 
the gain K can be appreciated, since the consecutive vehicle/platform positions 
stay closer when we increase its value.  When only K1 and K2 are increased, the 
relative displacement of the vehicle between successive configurations is reduced 
(shown in the text box for last two), as expected.  
With these results we have shown that a non-dominated elitist sorting 
evolutionary algorithm can be used to solved effectively the inverse kinematic 
problem of a redundant manipulator using multi-objective optimization.  The 
fitness/objective functions have been selected bearing in mind the characteristics 
of the task and still need to be validated in actual operational conditions. 

4.   Conclusions and Future Work 

The final individuals or joint coordinates were effectively selected out of the 
pareto front by choosing the best solution for the smoothness cost function, since 
the values of the manipulability does not vary much for the different solutions of 
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the front.  It is worth to mention that, to generate populations that expand into 
feasible and not feasible regions the number of initial individuals was increased 
up to 200.   The next step in this research is to simulate the complete 12 DoF 
system (6 DoF for the vehicle and 6 DoF on the arm) and implement an Impedance 
Control System on a ground vehicle + arm manipulator, having the kinematic 
optimization technique presented in this work as an offline process. 
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Programming industrial robots using traditional jogging via teach pendant

is a time-consuming task that requires extensive training. More intuitive and
faster task programming is often possible using kinesthetic teaching. Although

this feature is available on many commercial collaborative robots, it is rarely

available on traditional industrial robots. In this paper we propose a framework
for allowing tasks to be instructed using a collaborative robot via kinesthetic

teaching, and afterwards deployed to a traditional industrial robot. The frame-

work consists of a physical modular concept for robot exchange, and a online
programming software tool called Universal Industrial Interface. To assess the

framework, a feasibility study is conducted where an industrial relevant task is

first programmed using a collaborative manipulator, and afterwards deployed
on an industrial manipulator.

Keywords: Robot programming, industrial manipulator, collaborative robot,

kinesthetic teaching, cross-vendor compatibility, flexible production.

1. Introduction

Robotic manipulators are the backbone of modern industry and one of

the main tools to have in an automated industrial environment. However,

programming traditional industrial robots is both time-consuming and re-

quires special training. Nowadays due to numerous factors such as dynamic

market demands, shorter product-cycles and an ever increasing demand for

customization, manufacturing equipment need not only to be efficient, but

also flexible and reusable. Within robotics, one answer to this need is the in-

troduction of collaborative robots which provide more intuitive instruction

methods such as kinesthetic teaching. Several have shown that this enables

non-robotics experts to engage in task programming.1–3 This is considered

desirable in a dynamic environment with frequent task adjustments and

new product introductions since it empowers the on-site shop floor person-
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nel to manage the robots with less dependency on experts and engineers.

However, in most existing manufacturing industries, it would not be prac-

tical to simply exchange the majority of the installed traditional industrial

robots for collaborative robots only to gain the ability to do kinesthetic

teaching. Additionally, traditional robots may also hold certain features or

performance metrics which cannot be met by a collaborative robot.

Since the development of collaborative robots, one of the key benefits

of kinesthetic teaching is the eased instruction, therefore we propose in this

paper a framework utilizing collaborative robots as an instruction tool for

tasks which can later be deployed to a traditional industrial robot. Thus, a

collaborative robot is installed and used to intuitively instruct a given task

through a cross-vendor robot programming tool. Enabled by a modular

mechanical concept, the collaborative robot is afterwards exchanged with

a traditional industrial robot which performs the task execution.

The proposed framework consist of a modular mechanical concept en-

abling quick and precise exchange of robot manipulators, and a custom

software tool called Universal Industrial Interface (UII) providing a cross-

vendor graphical user interface (GUI) for robot programming.

Further on, this paper is structured as follows: Section 2 presents related

work, Section 3 presents the design and user experience of UII and Section

4 describes the modular mechanical concept used for efficient exchange

of robots. These are followed by a preliminary feasibility study and the

conclusion in section 5 and 6 respectively.

2. Related Research

With the introduction of the collaborative robot ,4 robots are now moving

into the dynamic environment of the human workers with more frequent

task changeover, several ad-hoc tasks and less structure. A key challenge

here is the need for more frequent changeovers, resulting in an increased

need to reprogram the robot. In this context, faster and easier programming

approaches are needed as opposed to traditional online programming using

teach pendants.5

Biggs and MacDonald6 present a survey on robot programming methods

and find two overall approaches; manual and automatic programming of

robots. In the latter, cognitive methods are used to make the robot more

autonomous and thus less dependent on instruction details. It often relies

on planning algorithms based on sensor inputs and a comprehensive world

model. Contrary to reducing human intervention, recent research on manual

programming instead focuses on making online robot programming easier
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and faster.3,7–11 This decreases the need for high-wage engineering hours

and allows the shop floor operators to channel valuable process knowledge

and experience into the instruction.

A common approach to ease online instruction of collaborative robots is

to use kinesthetic teaching. Several researchers have already demonstrated

the potential of using kinesthetic teaching for eased instruction of collab-

oration robots,2,8,12 and the technology is also featured on several of the

commercially available collaborative robots; e.g. Universal Robots, KUKA

iiWA and Rethink Robotics Baxster.

Although several commercial collaborative robots offer kinesthetic

teaching, they also exhibit vendor-specific user interfaces and programming

languages. This increases the complexity in allowing shop floor operators to

program robots in a company with multiple robot vendors. It furthermore

prohibits the transfer of an already instructed robot task from one robot

to another robot of a different vendor.

To overcome this issue, several has proposed third-party robot program-

ming tools with cross-vendor capabilities.10,11,13 Schou et al.11 present a

comprehensive tool for easy instruction of collaborative robots. The tool

uses robot skills to allow robot instruction using task-level operations rather

than device level commands. The tool also features cross-vendor compat-

ibility achieved using the Robot Operating System (ROS).14 Paxton et

al.10 also present a comprehensive tool for creating tasks for collaborative

robots based on ROS. The tool combines kinesthetic teaching with explicit,

object-centered instruction arranged in behaviour trees.

Compared to the tools presented above, we propose a light-weight, cross-

vendor tool providing robot programming for both collaborative and tradi-

tional industrial robots. Our tool allows tasks instructed using kinesthetic

teaching on a collaborative robot to be deployed on a traditional indus-

trial robot. The programming is done on the same abstraction level as cur-

rent teach pendants. Thus, the need to learn and adapt to various vendor-

specific teach pendants is removed, however, the familiarity of traditional

online programming is preserved. Furthermore, our tool is designed to be

light-weight with the potential of being deployed to low-cost, small-scale

computational units, e.g. Raspberry Pi.

3. Universal Industrial Interface

Central to the proposed framework is the software, Universal Industrial

Interface (UII), developed by the authors. This tool is a cross-vendor

robot operating tool with options to both program and execute industrial
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robot tasks. It supports both kinesthetic teaching and traditional jogging.

As such, UII supports programming of both industrial and collaborative

robots. However, in this paper we focus on the exploitation of kinesthetic

teaching on a collaborative robot and deploying it on an industrial robot.

UII is designed to be applicable to the majority of commercial industrial

robots and grippers. It is designed to provide task programming using in-

teraction on the same level as traditional online programming. As such, the

same motion commands as found on most traditional industrial robots and

grippers are available; e.g., move linear, move joint, open gripper and close

gripper.

3.1. System Architecture and Implementation

Univeral Industrial Interface 

 

KUKA Driver 

Connection 
and control

methods

Manipulator Driver 

set_position()

get_current_position()

Gripper Driver 

open()

close()

Graphical User Interface 

set_goal_point()

set_gripper_action(open or close) 

execute_task()

TCP/IP TCP/IP

0, ...*

0, ...*

UR Driver 

Connection
and control

methods

Virtual Driver 

Connection
and control

methods

Virtual Driver 

Connection
and control

methods

Fig. 1. Simplified UML class diagram of UII architecture.
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UII is designed to be light weight and cross-platform. It is written in

Python and will run on both Windows and Linux computers. It supports

connection to robot manipulators and grippers using TCP/IP connections

through the local area network (LAN). Figure 1 shows the overall architec-

ture of UII.

3.1.1. UII GUI

The GUI provides a high level, intuitive interaction between the operator

and the manipulators. The GUI enables the operator to set a sequence of

goal points and gripper actions which can later be executed on a collabo-

rative or industrial manipulator. The GUI is directly integrated inside UII

without the need of a special API, as this component will stay unchanged

regardless of the device connected to UII.

3.1.2. UII Core

This element contains the core functions of UII. This includes engines for

task programming and task execution, task file management and system

state monitoring. The UII core is implemented as a number of classes.

3.1.3. UII Drivers

The driver layer of UII provides connectivity to the devices utilized by UII.

Thus, any specific driver provides the means to control and communicate

with a specific robot manipulator or gripper. This is done by using the

devices own protocol of sending and receiving data using a TCP/IP con-

nection. To ensure the possibility of adding more manipulators and grippers

in UII, an application programming interface (API) was designed which has

to be implemented when building a driver. This API is implemented as a

generic driver for a robot manipulator and a generic driver for a gripper.

As seen on figure 1, the specific drivers (red boxes) all inherit from either

a generic robot manipulator driver or gripper driver (green boxes). Figure

1 contains a simplified UML diagram of UII. The generic drivers provide a

set of generic device functions for manipulators and grippers in a generic

syntax. The generic device functions are used by the programming and ex-

ecution engines in the UII core. When a generic device function is invoked

by either the programming or execution engine in UII core, the specific

device driver instantiated will translate the generic device function into the

specific syntax and format of a particular device. This translation includes
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converting between different units, angle representations and parameter se-

quences.

3.2. Task programming and execution

The UII GUI is designed to be as simple and intuitive as possible while still

providing the essential features to program and execute tasks. It provides

the necessary means for the operator to program a task by using both

kinesthetic teaching and jogging. During programming, the operator can

quickly guide the robot kinesthetically to any desired position. Afterwards,

that position can be fine tuned using the jogging buttons of the GUI. When

the desired position is reached, the set goal point button stores the point.

Gripper actions can be added in between the robot motions by pressing the

assigned button on the GUI. The UII GUI is shown in Figure 2.

Fig. 2. UII Graphical User Interface
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Once the programming is completed, the obtained robot program is

stored in a UII-specific file format. It can now be executed again by load-

ing the task and pressing the execute task button on the GUI. Given the

cross-vendor capability of UII, the obtained task can be executed on any

connected hardware. Thus, the option to use collaborative robot for task

programming and a traditional industrial robot for execution arise. How-

ever, it only makes sense to execute the task on a different setup if the robot

is installed in the same work-space in which the task was programmed. This

also requires accurate positioning of the robot to ensure correct task exe-

cution.

4. Modular Mechanical Interface

To allow a task programmed using a collaborative robot to be executed

on an industrial robot, it is essential that the two robots can be exchanged

efficiently and accurately. To achieve this, our proposed framework adopts a

modular hardware concept proposed by Schou and Madsen.15 This concept

is build around a modular table-top with standardized pallets for mounting

robots, fixtures, feeders and other equipment, see Figure 3.

With this concept, each robot manipulator is mounted to a pallet pro-

viding it with the interface defined on the table-top concept. A similar

”adapter” flange is used between the tool and the robot manipulator, see

Figure 4. As a result, only four M8 bolts are to be removed in order to

exchange a robot manipulator with another. It should be noted, that only

manipulators with a weight and size suitable for table-top applications are

applicable in this hardware concept.

5. Preliminary Feasibility Study

A feasibility study is conducted in order to examine the presented frame-

work and demonstrate the procedure of programming a task using a collab-

orative robot and afterwards deploying the task on a traditional industrial

robot. Thus, the purpose of the feasibility study is to prove that kinesthetic

teaching can be used as an alternative programming tool for traditional in-

dustrial manipulators.

The task used in the feasibility study is inspired from a real industrial

task described by Madsen et al.,16 where parts exiting a processing machine

on a conveyor must be picked up and placed into a container. In our sim-

ulated setup, the parts (cups) are to be picked from a mock-up conveyor

and placed into a cardboard box, see Figure 5.
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Vision
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plate

Frame
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Supported
Self-standing

1x1 2x1 2x2

1x1 2x1 2x2

Mounting Robot Custom

Sensor
support
frame

Self-standing Fixed to table

...

...

Fig. 3. Modular table-top concept used for quick exchange of robots. Concept proposed

by by Schou and Madsen.15

The task was first programmed on a Universal Robots UR5 collaborative

robot equipped with a Robotiq 3-finger electric gripper. Once programmed

and verified, the UR5 was dismounted from the table-top, and replaced with

a KUKA Agilus KR6 R700 sixx industrial robot. The generated program

was then without further refinement or system adaptation executed on a

KUKA Agilus KR6 R700 sixx. It is important to note, that the UII software

does not need reconfiguration or rebooting.

As part of the examination of the framework, the programming time,

the exchange time and the execution time was recorded, see Table 1.

It should be noted, that the exchange time is measured for exchanging

the Universal Robots UR5 with the KUKA Agilus KR6 R700 sixx. However,
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(a) Universal Robot UR5 (b) Schunk WSG50 (c) MetalWork P4-16

Fig. 4. Examples of robots and grippers adapted to fit the modular hardware concept.

Fig. 5. The test setup before and after the exchange of robots.

Table 1. Test parameters used for evaluating the feasi-

bility of the system.

Timing of programming: 1min 20sec

Timing of exchange: 2min 13sec
Timing of execution on Universal Robots: 12sec

Timing of execution on KUKA: 8sec

in cases where an existing robot cell has to be reprogrammed, an exchange

of the traditional robot with the collaborative one prior to programming

must be considered as well. Here, the exchange time is estimated to be the
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same. For timing of execution, only one repetition was measured for both

robots. As expected, the industrial manipulator is faster.

6. Conclusion

This paper presents a framework for using a collaborative robot as a pro-

gramming tool for industrial robot tasks with the purpose of reducing pro-

gramming time and effort.

The framework features a cross-vendor robot operating tool called UII.

This software provides an intuitive, simple GUI for programming tasks of

both collaborative and industrial robots. In the case of collaborative robots,

it support kinesthetic teaching, which several has concluded to be reduce

the required skill-level in robot programming. The framework also includes

a modular hardware concept enabling quick and accurate exchange of robots

and grippers. The concept is designed as a table-top robot cell, and thus

only support robotic manipulators of a certain size and weight. However,

the majority of collaborative robots are also found in this ”small” segment

of robots.

To examine the proposed framework, a preliminary feasibility study was

conducted. A simple pick and place task was instructed using kinesthetic

teaching and UII, and afterwards executed using an industrial robot. The

feasibility study demonstrates how the proposed framework successfully

allows a collaborative robots to be used as programming tool. In conclusion,

we find the framework feasible, but further assessment and development is

needed.

In future work, we will conduct a series of user studies in order to assess

the skill-level required to use the framework. This will include users with

different background and robotic experience. Furthermore, we will also ver-

ify the framework on more complex and diverse tasks. This includes the

integration of additional devices, as well as improving cross platform com-

patibility. The integration of vision could allow for object-recognition and

possibly improved grasping techniques. A throughout safety study would

also be beneficial for a system such as UII.

UII is currently running of a PC, either laptop or desktop. However,

deploying UII on a portable device (tablet, phone, etc.) could ease the use

within a robot cell with little free space. We intend to develop a UII into a

portable user interface, and a back-end running of a micro-computer, e.g.

a Raspberry Pi.
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In this paper the proposal of a low cost high performance educational mobile

robot is described. The robot is based on an Arduino, applied in the low level
control, while the high level control loop is carried out by an RPI running

an object pascal application. The described robot was prototyped in order

to have a competitive participation in the Robotic Day Line Follower 2017
competition, taking advantage of the RPI capabilities. The RPI allows the

use of higher performance sensors, when compared with the most common

standard approaches based on a single 8 bit RISC micro-controller, having as
disadvantage the inevitable robot size increase, which compromises in certain

situations the robot maneuverability and increases the power consumption.

The robot is equipped with DC Motors, the chosen line follower sensor is the
picamera and for the obstacle detection sonar sensors are used.

Keywords: Robotics, Education, Prototyping

1. Introduction

Robotic Day is a very successful international robot competition, that is

held annually in Prague. This robot competition has been active during the

last 14 years and still continues to grown in number of participants, teams,

visitants and competitions1 . In this paper it is described the proposal of a

low cost high performance educational mobile robot, that was prototyped

in order to have a competitive participation in the Robotic Day Line Fol-

lower 2017 competition. The Line Follower Robotic Competition can be

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
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seen in Figure 1 and the proposed robot in Figure 2. The robotic com-

petitions present standard problems that can be used as a benchmark, in

order to evaluate and to compare the performances of different approaches.

Although there are many robotic competitions , there is the need to create

new ones, in order to solve new challenges23456 . The robot prototyping

and programming, in a competition context, can play an important role in

education due to its inherent multidisciplinary approach, which can mo-

tivate students to bridge different technological areas. It can also play an

important role in research and development, because it is expected that its

outcomes will later be transferred to real-world problems in manufacturing

or service robots.

The proposed robot is based on an Arduino, applied in the low level

control, while the high level control loop is carried out by an RPI running

an object pascal application. The RPI allows the use of higher performance

sensors, when compared with the most common standard approaches based

on a single 8 bit RISC micro-controller, having as disadvantage the in-

evitable robot size increase, which compromises in certain situations the

robot maneuverability and increases the power consumption.

Fig. 1: Line Follower Robotic Competition

The robot has to run over the course and follow black line. During

the qualifications robots proceed to next round if they successfully pass

all obstacles and finish the run. Robots with the best time in the last
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qualification round qualify for the finales. In the finale part, the races will

be held on a knock-out basis. In case of a tie, a repeated race may be

ordered by the organizers. There may be some obstacles on the track:

• An object: There could be an object laid on the track. The robot

may touch it but it must not move it.

• Line cut-off: The line may be discontinued at any place for max.

20 cm.

• Line split and join: Situation like line split and join could exist.

The described robot was qualified for the finals of the Robotic Day 2017

edition, it were qualified 8 robots, from a total of 53 participants, the robot

performance can be observed in the video available in7 .

Fig. 2: Robot Prototype

2. Robot Prototype Description

The prototyped mobile robot consists in a 3D printed small prototype,

that uses inexpensive hardware, such as DC motors, an Arduino, an RPI3,

sonars and a picamera to sense the line, the robot prototype components

are shown in Figure 3. The 3D printer models, that were developed in order

to prototype the robot, are presented in Figure 4, where it can be seen the

3D models for the robot chassis, wheels, RPI case and picamera support

and hinge 3D models.
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Fig. 3: Robot Prototype Components

Fig. 4: Robot Prototype 3D Printer Models.

2.1. Sensors

In this section are presented the sensors that are applied in the robot.

Initially is presented the computer vision sensor, which is a common sensor
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in mobile robotics, and it is also presented the sonar being used for obstacle

detection8 .

2.1.1. Computer Vision

A Raspberry Pi camera was used to detect the line that must be followed.

While the standard approach is to use an array of IR sensors, it is very

inflexible and its resolution is limited. By implementing a virtual line sensor

from the image pixels, an higher resolution can be achieved and multiple

virtual sensors can easily be implemented.

The current setup has a resolution of 320 x 240 with a frame rate of 30

frames per second. The acquired image covers an area in front of the robot

with an width of 25 cm and a length of 35 cm. The virtual line sensors can

be placed anywhere inside that area. A dedicate application handles the

image acquisition, that can be seen in Figure 5, the virtual line sampling

and processing. For each virtual sensor the line position is calculated and

its width is used to access the measure confidence. There is some degree

of adaptability on the luminance thresholds to deal with different light

conditions.

Fig. 5: Virtual Line Sensor Software

2.1.2. Sonar

The chosen sensor used to detect the obstacles is the Ultrasonic ranging

module HC - SR04, shown in Figure 3, which provides 2 cm - 400 cm
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measurement function, with a ranging accuracy that can reach to 3 mm.

The modules include ultrasonic transmitters, receiver and control circuit.

2.2. Actuators

The applied DC motors have built in encoders which are very important

in mobile robots in order to obtain the closed loop Velocity Control and

also to estimate the robot odometry calculation and the applied drive is

the DFRobot L293 Arduino Shield.

3. Controller description

Following a line with a robot based on the differential kinematics is a clas-

sical introductory experiment that allows students to be introduced to the

challenges of mobile robotics1011 . Understanding the concepts of sensor,

actuator and locomotion are the primary goals of this challenge based on

the control of a reactive robot9 . In this section it will be described the

developed prototype controller.

3.0.1. Line Following

The goal of the robot is to follow a line as fast as possible, for that purpose it

is necessary to maintain the highest possible linear velocity, with an angular

velocity that is proportional to the path curvature. With the picamera,

applied as line sensor, it is possible to know at each sample time the robot

posture in relation to the line. A detailed description of the applied line

following controller algorithm can be found in12 .

3.0.2. Obstacle avoidance

In order to the robot avoid and contour an obstacle the state machine

observed in Figure 6 was used. Initially the robot, when an obstacle is de-

tected, rotates with a null linear velocity and then, using odometry, the

robot performs a smooth trajectory without using the camera data to nav-

igate, finally the camera data is used and if a line is detected the robot will

navigate using the standard line following controller, as described in in12 .

3.0.3. Line Interruption

Each virtual sensor can detect the line presence or absence, by analyzing

the line total dynamic range. The line absence can be detected by testing if
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Fig. 6: Obstacle avoidance State Machine

the minimum sampled value is above a certain threshold, that means there

isn’t a black zone on the line. If the condition is met for a few samples the

line interruption event is triggered and the current direction is frozen, that

allows the robot to travel until it meets the line again.

4. Conclusions and Future Work

In this paper it is described the proposal of a low cost high performance

educational mobile robot. The robot is based on an Arduino, applied in the

low level control, while the high level control loop is carried out by an RPI

running an object pascal application.

The described robot was prototyped in order to have a competitive

participation in the Robotic Day Line Follower 2017 competition. The RPI

apply allows the use of higher performance sensors, when compared with

the applied in the most common standard approaches based on a single 8

bit RISC micro-controller, having as disadvantage the inevitable robot size

increase, which compromises in certain situations the robot maneuverability

and increases the power consumption.

The robot is equipped with DC Motors with built in encoders, which

allows the apply of velocity closed loop control and the necessary data

to the odometry calculation. The ability to calculate the robot odometry

was very important, because the robot had, in some situations, to perform

trajectories without sensing the line. The chosen line follower sensor is the

picamera, providing a very flexible sensor based on image processing.

The authors intend to evolve the software robustness of the proposed

robot in order to participate in the 2018 Robotic Day Line Follower Com-

petition edition.
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This paper describes the use of NAO robot, a humanoid robot and the use of Arduino in 
education for final engineering projects in the area of engineering. This learning approach 
was implemented in the final project of the Biomedical Engineering degree. The objective 
this project is the sensorial extension of the NAO platform, integrating a set of sensors that 
allow not only to analyze multiple vital parameters in a passive way but also to obtain a 
more precise contextual information. 
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1.   Introduction 

Over the years robotics has made great progress and nowadays robots begin to be 
part of the life of any person, designated social robotics [1]. For this reason, 
robotics has become a common subject in engineering courses, such as 
biomedical, computer, electrical, mechanical and electromechanical. Humanoid 
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robots are fascinating and have several advantages, such as they can work in 
places where there is a risk of contamination, risk of health, danger of life, places 
that are difficult to access [2]. They also are able to access different types of terrain 
and to climb stairs [3]. 

The behavior of humanoid robots produces feelings that facilitate the 
communication between machine and man. There are many cases where you need 
a machine similar to the man to be able to replace it in your work environment 
[4].  

Robotics courses embrace diverse areas such as, kinematics, programming, 
sensors, and artificial intelligence. However, in recent years, social robotic has 
seen the emergence of sophisticated humanoid robots, which makes it impossible 
to obtain funding for the latest and most developed robots on the market. For this, 
the use of the NAO robot was chosen. 

NAO that is currently the humanoid platform with high sensory capacity that 
it has lower costs in the market. This robot is similar to the human in order to have 
a more real and natural interaction with society. NAO is a good platform for 
software development because it is easy to learn how to program and it has a high 
sensory ability.  

Students during the degree acquired a lot of knowledge in electronics, which 
makes it easier to use different sensors and their integration into Arduino.  
Students also learned different programming language, such as C language, C ++ 
language, MATLAB, LabView, among others, which makes it easier for students 
to program the NAO robot. However, students will work in a more motivated, fast 
and effective way because they will be working with a humanoid robot, capable 
of walking, communicating with people, and being able to be programmed by the 
students to do any task like a human. Students will not only learn theoretically 
and with a simple robot, but with a humanoid robot currently used in research in 
the field of robotics. 

NAO robot is only a tool in which educational theory can be applied and 
developed, learned during the course that will make all the difference in the 
development of the project using the robot.  

This paper analyzes the educational approach adopted for the final project of 
Biomedical Engineering course. This paper is organized as follows. Section 2 
shows objectives of this project and the work plan during 9 months. Section 3 
presents NAO robot has a humanoid robot that will be used in this project and it 
different applications. Section 4 will be described the different programming tool 
that it is useful in this project. Finally, section 5 presents the evaluation of the 
course. 
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2.   NAO robot and a sensorial fusion 

The content of the curricular unit of the final project, of the Biomedical 
Engineering Degree of the Engineering Institute of Coimbra (ISEC), is organized 
according to the area of interest of the students, and what is currently being 
developed in the world of scientific investigation. 

The objective of this project is the sensorial extension of the NAO platform, 
integrating a set of sensors that allow not only to analyze multiple vital parameters 
in a passive way but also to obtain a more precise contextual information, thus 
accomplishing the fusion of all this information. 

The project is aimed at a group of 3 students, so that they can interact. The 
project is multidisciplinary, which may include students interested in the area of 
programming and electronics which makes it possible to complement during this 
project. 

The final course project lasts 9 months. The work plan will be divided as 
follows: 

• Familiarization with the NAO platform and first tests with the 
hardware (1 month); 

• Acquisition and development of sensors for passive monitoring of vital 
signs (e.g., heart rate, body temperature) (2 months); 

• Acquisition and development of sensors to monitor contextual 
quantities (e.g., surrounding temperature, humidity, among others) (2 
months); 

• Sensory integration (e.g., using Bayesian networks) (2 months); 
• Tests, tests and possible system improvements (1 month); 
• Writing of the project work report (1 month). 

3.   NAO robot – a humanoid robot  

In recent years, social robotic has seen the emergence of sophisticated 
humanoid robots, as Honda, Asimo and NAO [5]. NAO robot (figure1) is 
currently the humanoid platform with high sensory capacity that it has lower costs 
in the market. This robot is similar to the human in order to have a more real and 
natural interaction with society.  

NAO is a good platform for software development because it is easy to learn 
how to program and it has a high sensory ability. It has been used in different 
applications, such as: sports and interaction with humans [6]. 

It can help people in rehabilitation. By cameras robot can see the movement 
of patients and avoid them if the movement are correct or no [7]. NAO is able to 
replicate the movement of humans, so it can explain to patient how to the correct 
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movement [8, 9].  NAO robot has been used to help autistic children in 
improving their behavior [10, 11]. The studied cases show that children suppress 
the autistic behavior during human-robot interaction and they can maintain visual 
contact with NAO [12]. NAO robot participate in RoboCup (the World 
Championship of Robotics) as a soccer playing NAO robot. It has been the star of 
the Standard Platform League where robots are expected to operate fully 
autonomously [13, 14]. 

Figure 1- NAO robot 

It is important for students to understand that this robot is a tool of great 
interaction potential with humans. This robot is able to walk, speak and act as a 
human if it is programmed. At the end of the project students should be able to 
develop various programs for the robot in order to perform different tasks with 
humans. 

The main objectives of the final course project are based on a deep 
understanding of the fundamental principles of the use and programming of 
humanoid robots. Another objective is to develop students' practical and 
autonomous sense, in which the teacher will simply have the purpose of guiding 
only the students. The work carried out by the students promotes different 
autonomous and team research, leading to greater learning, as the students devote 
more time and have greater involvement in it. 

4.   Programming Tools 

The university has an NAO robot that is available in the laboratory so that the 
students can do experiments and get to know the robot better, in order to 
implement the project more efficiently. 
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The program used to program the robot NAO is called Choregraphe. The 
figure 2 shows the virtual robot and the graphical environment of the software 
simulator, a software very intuitive and identical to the real system. This simulator 
allows the students to develop all the work in the place that they want without the 
use of the robot, not having to be constantly in the laboratory of robotics. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2- Choreographe program 

Arduino, Wireless Proto Shield and several sensors, such as a light sensor, a 
temp sensor and a gas sensor are available to students. If students need other 
materials or other types of sensors, it will be made available to them. Students 
will not have difficulty in using / programming the Arduino, since they already 
have some notions of programming seized during the course. The programming 
language used in Arduino is C ++ (with small modifications), which is a very 
traditional and familiar language. In the internet there are different forums in 
which are made available several programs and libraries already made for 
Arduino in which students will have easy access and quick learning in the use of 
it. With the use of Coreographe and Arduino programming students will see that 
programming is simple and they will be more motivated because they get faster 
results. Despite this, students find it simpler, more intuitive and more interactive 
the programming in the Choreographe.  

The sensors are integrated into the Arduino, it is receiving the values of the 
sensors continuously, it reads and analyzes the values that the sensors transmit 
and sends an alert to the robot via Wifi, if it justifies, and if there is in the presence 
of a situation of danger. The robot must find people to communicate the 
programmed alert.  



 240 

Figure 3- Flowchart of Operation 

The figure 3 shows a flowchart, that is, a diagram of how the sensors work 
and how they are programmed to issue the alert. The robot must find people to 
communicate the programmed alert. For example, if the temperature sensor 
measures more than 35 ° C, the robot is programmed to raise an alert because the 
temperature level is too high. 

5.   Course Evaluation 

Students have all the help of the guiding teacher, meeting with the same every 
week. These meetings have the purpose of the students to show weekly the work 
developed, to ask questions, and so that the teacher can guide them in the best 
way. Students will be able to attend the robotics lab whenever they request and 
put questions with the teacher outside the meetings, through the email. Students 
are required to take at least 15 hours per week to make the project robust and 
recognized by the scientific community. 

The final year project is projected with 14 ECTS (European System of 
Transfer and Accumulation of Credits). It is through the evaluation of the results 
of the final project that one can recognize the benefits of the humanoid robotics 
approach and all the content taught during the course. Through evaluation, the 
teacher should be able to evaluate the student's attitudes regarding the ability to 
investigate, develop and implement each proposed task during the development 
of the project autonomously.  
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There are different approaches to evaluating students' learning outcomes, 
using the following methods:  

• Project report, where the student report includes the written designation 
of the state of the art, the work done, the conclusions and the future 
work; 

• Writing an article at a conference about the project developed; 
• Oral presentation, where a jury composed of 5 teachers will be present. 

This oral presentation is divided in two phases, the first phase: the students 
present the project developed through a Power Point presentation and present the 
development prototype, with a duration of 20 min; the second phase: the different 
members of the jury ask the students several questions about the project developed 
and what they think is operative in relation to the humanoid robots. The members 
of the jury are composed of the teacher of the students, a professor from another 
university who is related to the area and by three other teachers, one from the 
electronic area, another from the programming area and another from the robotics 
area. The final course project offers students an opportunity to interact with 
humanoid robots, thus allowing them a greater motivational dimension. Students 
demonstrated that using this type of robot learned faster and more efficiently the 
knowledge acquired during the course and that are able to integrate new 
technologies. Students demonstrated that this is a developing area and of interest 
in the area to continue in the master's degree. 
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Over the years robotics has made great progress. Nowadays, robots begin to be part of the 
life of any person, designated social robotic. Humanoid robots are fascinating and have 
several advantages, such as they can work in places where there is a risk of contamination, 
risk of health, danger of life, places that are difficult to access. They also are able to access 
different types of terrain and to climb stairs. NAO robot is currently the humanoid platform 
with high sensory capacity that it has lower costs in the market. This robot is similar to 
human in order to have a more real and natural with society. Using the capabilities of the 
robot and adding other sensors, we can have a more powerful machine in our society. NAO 
robot is presented in this paper as a domestic robot.  

 Keywords: NAO robot, wireless sensors, Humanoid robots, Domestic robots, object 
recognition 

1.   Introduction 

Over the years robotics has made great progress, nowadays robots begin to be part 
of the life of any person, designated social robotics [1]. 
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Humanoid robots are fascinating and have several advantages, such as they 
can work in places where there is a risk of contamination, risk of health, danger 
of life, places that are difficult to access [2]. They also are able to access different 
types of terrain and to climb stairs [3]. The behavior of humanoid robots produces 
feelings that facilitate the communication between machine and man.  

There are many cases where you need a machine similar to the man to be able 
to replace it in your work environment [4].  

In recent years, social robotic has seen the emergence of sophisticated 
humanoid robots, as Honda Asimo and NAO [5]. 

We chose the platform NAO that is currently the humanoid platform with high 
sensory capacity that it has lower costs in the market. This robot is similar to the 
human in order to have a more real and natural interaction with society. NAO is 
a good platform for software development because it is easy to learn how to 
program and it has a high sensory ability.  

This paper is divided into four sections. The first section gives a brief 
introduction of different domestic robots. The second section presents NAO robot. 
An extension of platform NAO using sensors and an architecture of recognize 
objects using NAO robot is described in third section. Our conclusions are drawn 
in the final section. 

2.   Domestic Robots 

Domestic Robots can help you carry out all kinds of tasks at home, such as 
cooking, cleaning, company, babysitting or answering questions. Science fiction 
has come to fruition, and they are available to make people's lives easier by 
dismissing people from household chores and giving them the opportunity to do 
other leisurely things [6]. 

Nowadays all people use domestic robots in their homes, such as: 
 Roomba Vacuum: can vacuum the floor of the house alone [7]; 
 Bimby: can cook alone meals, sweets or whatever the person wants; 
 Winbot: robot that clean the glass; 
 Husqvarna automower: robot that mows the lawn very efficiently.  

The area of robots has been an area of great evolution appearing also robots 
as: Zenbo, Kuri. The use of humanoid robots as domestic robots were appeared, 
as, Pepper [8], Honda Asimo and NAO robot [5]. These robots are more 
developed able to do different household tasks, thus becoming much more 
expensive when compared with the simpler robots and that only perform one task.  
To combat this situation we present the NAO robot, as a domestic robot. 
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3.   NAO robot  

NAO robot (figure 1) is humanoid robot developed by Aldebaran Robotics, 
a French company. It has 58 cm in height and it weighs 5.4 kg which make it easy 
to transport [9]. With twenty five degrees-of- freedom (DOF) and more than 50 
sensors, NAO is a robust robot to develop a wide range of applications.  

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1- NAO robot 

NAO is specially used as a social robot. NAO robot has a similar appearance 
when compared with a human.  NAO allows to perform several basic actions, such 
as sitting, walking, picking up objects with your hands, among others. 

NAO robot has a disadvantage, its autonomy. In normal use NAO just has 90 
minutes of autonomy which makes this robot only used as proof of concept and 
not as a daily instinctive use robot. On the other hand we can conclude that the 
robot has several advantages, as it is easy to carry, because it is small and it is 
light. It has equipped with two cameras, like human eyes and can speak and can 
recognize the most popular languages in world [10].  Are so many applications 
that NAO robot has been used, such as: sports and interaction with humans.  

A. Rehabilitation 
 By cameras robot can see the movement of patients and avoid them if the 

movement are correct or no [11]. NAO is able to replicate the movement of 
humans, so it can explain to patient how to the correct movement [12, 13].    

B. Autism Children  
NAO robot has been used to help autistic children in improving their behavior 

[15, 16]. The studied cases show that children suppress the autistic behavior 
during human-robot interaction and they can maintain visual contact with NAO 
[17].  
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C. Traditional Robotic Soccer 
NAO robot participate in RoboCup (the World Championship of Robotics) 

as a soccer playing NAO robot has been the star of the Standard Platform 
League where robots are expected to operate fully autonomously [17, 18]. 

4.   Nao robot as a domestic robot 

       In this section we present different architectures that can reach NAO robot as 
a domestic robot. Firstly is presented an extension of NAO robot using sensors 
and after is presented an architecture to recognize objects.  

4.1.   Platform using sensors 

This architecture present the integration of three sensors to NAO robot (figure 
2). To integrate the sensory network were chosen the following sensors: 

 Temperature sensor: LM35 sensor 545753 YWrobot. 
 Photoresistor Light sensor: 531289 ywrobot; 
 Gas sensor: MQ Series Gas Sensor Module L1te v1.0 sandbox 

electronics 
  
 
 
 
 
 
 
 
 
 
 

 
Figure 2- Architecture integrating three sensors to NAO robot 

 
When integrating three sensors in Arduino, a set of collections is provided in 

order to validate their operation against the accuracy and precision. 
The Arduino is equipped with the Wireless Proto Shield by using SPI 

Communication. This allows pairing both NAO and sensorial array using WIFI 
802.11 [19]. Using Choreographe, the tool used to program the NAO, it is possible 
to elaborate a set of tasks for the interaction with the general public. 
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An Arduino library called CoGasSensorShield was used. This library 
allowed to receive a value (e.g., gas sensor) via Wifi from an Arduino board and 
thus issue an alert when desired. Given the limitations of the library, it was 
extended in order to access the three sensors previously chosen, and with the 
respective intervals that had previously been analyzed. After this work of 
adaptation, a project was developed in Choregraphe that allowed to execute a set 
of movements and dialogues associated to the output of the program in Arduino 
in order to promote the human-machine interaction. 

Intervals of values for the presence of gas, high temperature and luminosity 
were analyzed and elaborated. In the Arduino, an alert was sent via Wifi when 
values outside these ranges were registered. It reads and analyzes the values that 
the sensors transmit and throws an alert, if it justifies, and if it has in the presence 
of a dangerous situation. So that the alert is given correctly, different parameters 
have been stipulated. The Arduino continuously reads all sensor values and 
processes this information and whenever there is a state change it alerts the robot. 

NAO robot will transmit alerts in different situations that was predefined, in 
situations of danger to people, taking into account the ambient temperature, gas 
levels and brightness. If the sensors detect that ambient has a high level of 
temperature and the light is less, the robot will transmit a fire alert. In case of an 
alert, NAO tells people to evacuate and explains to them what is happening. The 
alert is also given by sending a message directly to the responsible. In case of fire 
the message will be sent directly to the firemen, with the address, in order to solve 
the problem effectively and quickly. 

4.2.   Recognition Objects 

Choreographe Software is the tool used to program the NAO, it is possible to 
elaborate a set of tasks for interaction with the general public. Through this 
program that we used to program NAO robot can learn the different objects so 
that later it can identify them. As proof of concept we used five types of object to 
recognize, such as, a banana, a bottle of water, a mobile phone and a medicine. 
Objects of different areas that are essential in ambient assisting living. 

First we used robot to capture different images with different objects. We 
selected different objects in different positions and at different distances, in order 
to create a dataset, so that the robot could distinguish the different objects. Then 
the images were segmented.  The contour of the object was made so that the robot 
could distinguish it when the object is surrounded by other objects. After the 
outline of each object, we indicate the name of the object and the position in which 
it is. 
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All the information is sent to the robot so that it can memorize the different 
images, the name of the different objects and their position so that the robot can 
later distinguish the different objects in different circumstances. 

Finally, the vision recognition module belonging to the Choreographe 
program was used. We was used this module robot acquire an image in real time 
and analyze, if him recognize they tell what it is.  

One of the limitations of NAO robot is the memory, so as future work will be 
created a cloud computing service. It is through the cloud computing service that 
the robot can recognize objects more quickly and accurately. Cloud will have a 
wide set of images of many objects in different positions so that the robot can 
recognize all the existing objects in a more viable and faster way of processing. 
Despite being connected to the cloud will always have the ability to recognize a 
set of predefined objects, essences of that environment so that in case there is 
some failure of connection to the cloud the robot with him in the same way do 
their activities. In a house we may have one robot but we can have more than one.  

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3- Cloud Operating Diagram 
 
In figure 3 we can observe a cloud operating diagram. There we see robots in 

different places of the house communicating each other and communication with 
the server. The server communicating with the cloud to obtain the information 
and give it back to the robot. 

5.   Conclusion 

NAO robot can perform different domestic tasks. NAO robot can walk, talk, 
see and grab objects. Despite its basic functions, through cameras the robot can 
recognize objects and people. Adding sensors to the robot, it is able to send 
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environmental alerts in dangerous situations. We can conclude that the robot 
is a domestic robot capable of doing not only domestic tasks, but also doing 
company or having a dialogue. Having a humanoid aspect and an affordable cost 
is a key point in the acceptance of the robot by our society. 
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Time series network traffic analysis and forecasting are important for fundamental to many 
decision-making processes, also to understand network performance, reliability and 
security, as well as to identify potential problems.  This paper provides the latest work on 
London South Bank University (LSBU) network data traffic analysis by adapting nonlinear 
autoregressive exogenous model (NARX) based on Levenberg-Marquardt 
backpropagation algorithm.  This technique can analyse and predict data usage in its 
current and future states, as well as visualise the hourly, daily, weekly, monthly, and 
quarterly activities with less computation requirement. Results and analysis proved the 
accuracy of the prediction techniques. 

1.   Introduction 

Prediction of time series network traffic analysis is important for many decision-
making processes, also to understand network performance, reliability and 
security, as well as to identify potential problems.  Many types of research have 
been carried out such as statistical analysis, machine learning, neural networks, 
Fast Fourier transforms (FFT) wavelets, Continuous wavelet transform (CWT), 
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fuzzy set, chaos theory for that purpose to deal with the different 
characteristics of time series.   
Artificial neural network (ANN) is an excellent tool for machine learning in terms 
of performance, classification and regression problems, which is very useful for 
time series and forecasting. Neural network techniques used comprehensively in 
many organisational applications such as financial, economic, energy systems, 
media (weather) to predict and forecasting their time series information 
With network traffic analysis, network security staff would be able to identify any 
malicious or suspicious packets within the traffic, whilst network administrators 
could monitor the download/upload speeds, throughput etc., and therefore to have 
a sounder understanding of web operations.  
Many techniques have been used in the network data traffic analysis. The neural 
network (NN), likewise known as the ANN, has been applied for prediction, as 
easily as to identify the presence of anomalies [1 -3].  Pattern recognition has been 
utilized for traffic data classification [4, 5], and chaos theory has been employed 
for the correlation and the prediction of time series data, and to identify the 
nonlinear dynamical behaviour of real-time traffic data [6, 7].  
Applied back-propagation algorithm and feed-forward neural net models (FNNs) 
parameterized for nonlinear time series [8]. ANN forecasting has been compared 
with an autoregressive integrated moving average with exogenous variables 
(ARIMAX) model to predict the future [9], this mainly limited use in ANN for 
capturing the first-order non-stationarity in a time series data. Recurrent neural 
networks, recurrent neural networks (RNN) model has been evaluating the 
performance to identify and forecast in order to discover the presence of 
anomalies [10]. 
Different forecasting models were able to capture different aspects of the data 
available for prediction. Bates and Granger showed that a linear combination of 
forecasts would give a smaller error variance than any of the individual methods 
[11]. The basic idea of the model combination in forecasting is to use each models 
unique feature to capture different patterns in the data. With the ensemble model, 
the problem of model selection can be eased with little additional exertion. In 
summation, the ensemble method is potential to produce stable forecasts and less 
potential to make catastrophic predictions than any single network used in 
isolation [12]. Combining several models to improve the forecasting accuracy has 
been extensively analysed in the traditional forecasting literature. The question is 
how to combine these different forecasts into a single forecast, which is assumed 
a more accurate forecast. A simple approach to combining network outputs is to 
simply average them together. The NNE provides a prediction based on the norm 
of the MLPNN, RNN and RBFNN outputs [13].  A model based on the simple 
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average of neural networks, Gaussian process regression, and linear models 
for the NN5 time series forecasting competition [14]. 
Recently, several mathematical programming approaches have been proposed to 
determine the weights in combined forecasts. Several types of objective 
concerning accuracy to be used in forecast combinations [15] and considered to 
minimize mean absolute percentage error and the maximum absolute percentage 
error independently [16]. However, most previous focus on minimizing squared 
errors or absolute errors, they should be considered at the same time. An 
ensemble-forecasting model integrating ARIMA with ANN based on combined 
objectives, the combined objectives are composed of sum squares errors (SSE) 
and MAXAE, the MAXAE achieved by an ensemble model based on minimizing 
SSE, and then 0.618 criteria are used in deciding the weight of two objectives. 
This method is examined by using the data of Canadian Lynx data series. The 
empirical results show that the prediction using the proposed ensemble model is 
generally safer than other examples introduced in this field in terms of the same 
evaluation measurements.  

2.   Methodology 

Data capture: In order to capture the data, we needed permission to access the 
LSBU network. This was easily acquired, as the researcher was working as a 
senior network engineer on the infrastructure team. 
Once access was acquired, it was time to capture traffic data on the network. There 
are many tools available to capture network traffic. At the bottom end of the 
market, there are tools such as Wireshark and network analyser; in the mid-range, 
there is the SolarWinds network-monitoring tool; and at the upper end of the 
market, we have For this study, LSBU network traffic raw data were first captured 
using the Paessler Router Traffic Grapher (PRTG) network monitoring tool, 
which has been selected for this study. 
The PRTG network-monitoring tool is equipped with SNMP, sFlow and port 
utilisation in order to provide the necessary data that is then used to analyse the 
network. 
Many vendors use sFlow protocol to collect IP traffic information. Today, sFlow 
has become an industry standard for traffic monitoring. This protocol exports 
network flow data from routing devices.   The sFlow analysis provides the results 
of network traffic from the two main links for LSBU for traffic modelling, traffic 
engineering, capacity planning and forecasting, and anomaly and attack detection. 
This analysis allows us to find approximate average traffic on both core switches 
and their main link to the outside world. Other studies have been carried out 
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investigating SNMP statistics and the methodology for network bandwidth 
expansion. The methodology investigates trends and changes that have an effect 
on providing good IP backbone prediction and upgrades to the backbone 
infrastructure.  
In this research, we studied the traffic of the LSBU network to see the efficiency 
of the entire infrastructure and to identify and manage the traffic both inbound 
and outbound at the gateway. 
Data analysis tools: The process of inspecting, cleaning, transforming, and 
modelling data with the goal to discover useful information is data analysis. 
Network traffic analysis is primarily done to get in-depth insight into what type 
of traffic/network packets or data is flowing through a network. Typically, 
network traffic analysis is done through a network monitoring or network 
bandwidth monitoring software/application. In our case, monitoring 
download/upload speeds, throughput, content, etc. to understand network 
operations. 
The PRTG tool provides some functionality in order to analyse network traffic  
Model design and code: The program used the latest technique for analyzing and 
predicting the future trends on LSBU’s network data, based on nonlinear 
autoregressive exogenous model (NARX ) based on Levenberg-Marquardt 
backpropagation algorithm to solve an autoregression problem with external input 
with NARX neural network is proposed in [17]. NARX predict time series  ty
given p past values of series y  and another external series  tx . 
 The following NARX equation shows the time series prediction behavior    
                tpty,....,2ty,1ty,ktx,....,2tx,1txhty            (1) 

The program will normalise the attributes to reach the target accuracy by dividing 
the entries into 90-10 percent ratio for training and testing also training parameters 
such as training function, learning rate etc.  Then generate the date for ahead 
number of days for which predicting the output by using the previously trained 
neural network with the ahead number of days for 24 hours.  
The results of the analysis will provide the accuracy of the prediction techniques 
with less computation.  Also, plot the predicted data usage in its current and future 
states, as well as visualise the hourly, daily, weekly, monthly, and quarterly 
activities. 
Figure 1 describes each processing step in the program for the proposed admission 
control algorithms. Moreover, there are different scenarios with different steps in 
this project, which are related to the simulation. The simulation’s approach 
includes the simulation methodology, which demonstrates the simulation design 
including different algorithms. 
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Figure 1: Flowchart of MATLAB code. 

3.   Analysis Results 

In this study, we have recorded over two years of WWW (World Wide Web) 
traffic data from the 1st of January 2016 to the 1st of February 2018. Within this 
data, exactly two years of data, from the 1st of January 2016 to the 1st of January 
2018, has been selected for training and testing the neural networks. We will 
predict the network traffic for the period between the 1st of January 2018 to the 1st 
of February 2018. The predicted traffic will be then compared with the real traffic 
during this period. Figure 1 shows the two year total WWW traffic data, from the 
1st of January 2016 to the 1st of January 2018. The data was recorded at a rate of 
once per hour. Figure 2 shows the randomly selected 70% of the total WWW 
traffic data, used for training the neural networks. Figure 3 shows the randomly 
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selected 30% of the total WWW traffic data, used for testing the neural 
networks. This 30% includes a 15% validation ratio and another 15% testing ratio.  

 
Figure 2:  Total WWW traffic from 1st Jan 2016 to 1st Jan 2018. 

 

     
 Figure 3: 70% of the total WWW traffic used for training. 
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Figure 4: 30% of the total WWW traffic used for testing. 

 
Figure 5: Add the time series response plot, something similar to above. 

 

 
Figure 5 shows the one week predicted WWW traffic from 1st Jan 2018 to 8th Jan 
2018. The predicted traffic data can clearly show the day and night effect over the 
week. Figure 6 & 8 shows the regression plot of one week predicted traffic data, 
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which can prove the accuracy of the model by showing how close the output 
is to the actual values.  

 
Figure 6: One-week predicted WWW traffic from 1st Jan 2018 to 8th Jan 2018. 

 
                                                          Figure 7: Regression plot of one week. 

Figure 7 shows the four weeks predicted WWW traffic from 1st Jan 2018 to 29th 
Jan 2018. The predicted traffic data shows that in the first week, total traffic is 
relative low, this is likely due to the fact that university is still within the three 
weeks Christmas and New Year break. In the second week, traffic starts to pick, 
as the university re-open again. In the third and fourth week, the traffic reaches 
maximum, which not only show the day and night effect, but also the weekday 
and weekend effect.  
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Figure 8: Four weeks predicted WWW traffic from 1st Jan 2018 – 29th Jan 2018. 

 
                                                   Figure 9: Regression plot of four weeks 

4.   Conclusion 

We have developed a nonlinear autoregressive exogenous neural network model 
(NARX) based on Levenberg-Marquardt backpropagation algorithm for time 
series network traffic analysis. This study has implemented the methodology by 
developing a neural network model to predict the future trends of the LSBU 
bandwidth data traffic. It helped reasonably predict what traffic could be similar, 
given anomalies and outcomes. It has also proven that applying NARX neural 
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network can identify fundamental network usage and provide more accuracy 
on the prediction. 
Furthermore, the prediction allowed us to focus on specific time in order to 
analyse the actual readings taken from the PRTG tool. This will allow us to predict 
user-driven network usage much more accurately in the future, as an efficient and 
effective way for decision-making process. The result shows that NARX neural 
network is a good method for predicting time series data. 
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CLEANING AND INSPECTION ROBOTS 
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The possibilities of microrobots for inspection and technological operations on

spacecraft board and in open space are analyzed. Utilization of such robots for

operations on outer hulls of spacecraft and on internal units and aggregates is
discussed.
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1. Introduction

Research and development of mini- and microrobots designed for opera-

tions in space are performed in industrially developed countries, mainly

in Japan, USA, Germany, France, and Russia [1–5]. Among the prospec-

tive applications of microrobots in space are inspection and monitoring

operations. To be able to perform such operations the robots should be

equipped with appropriate sensors. The action of the microrobots can be

based on various physical principles. Depending on the types of actuators,

the robots can be classified into electromagnetic, piezoelectric, electroad-

hesive, thermomechanical, pneumatic, electromechanical, etc. robots [2,4].

We suggest an analysis of application areas of space microrobots that takes

into account the requirements of inspection and fault detection systems for

spacecraft on-board equipment [5,6]. The inspection crawling microrobot

with a miniature optical sensor for detecting cracks on the spacecraft body

(Fig.1) produced by Company SRI International [1] provides an example

of a prospective robotic system for using in space.
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Fig. 1. Inspection crawling microrobot with a sensor for detection of cracks on the

spacecraft body [1]

2. Specific design features of inspection microrobots

The microrobots must satisfy all requirements related to resistance of the

robots to the influence of the external factors of space; the respective factors

are discussed, e.g., in [6–10]. These requirements, in particular, are met

by thermomechanical microrobots [11,12]. A justification for using such

robots in space is given in the next section. Depending on the tasks to be

performed, microrobots can be used separately or they can be combined

into chains. The table below illustrates the correspondence between the

structure of the robotic system and the tasks to be implemented.

Type of the system Motion in narrow holes, slots, and

space between cables

Separate walking microrobots Motion in narrow holes, slots, and

space between cables

Chains of microrobots connected

by flexible couplers (snake-like

robots)

Motion in gaps

Chains of crawling microrobots Inspection of inner surfaces of

pipes

Chains of walking microrobots Inspection of spacecraft outer sur-

faces

To be able to form chains, separate walking microrobots should have

flexible coupling devices on their end faces. In addition, the microrobots

should be autonomous and have an on-board power supply.
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3. Justification of using a thermomechanical microrobot for

operations in space

We have developed a microrobotic walking platform shown in Fig. 2 (a,b).

This platform could be a prototype for developing advanced autonomous

microrobotic devices for inspection of hard-to-access areas on the surface

and in internal compartments of spacecraft. In addition, this platform can

be used for positioning various microdevices inside spacecraft [11, 12]. A

unique technology for manufacturing the microrobotic platform has been

developed in Russia [5]. The walking motion of the microrobot is performed

due to controlled deformation of its legs. The leg unbends when is heating

and bends when is cooling. Having a mass of 70 mg, the platform can keep a

load that is 20 times as large as its proper mass and move a load that 5 times

exceeds the mass of the platform. The velocity of the platform with such a

load is about 14 mm/min, which is rather high for mobile devices of such a

type and size. For its motion the microrobot engages at least 8 legs covered

with a special adhesive material, which enables the microrobot to adhere

to the surface of motion in weightlessness. In a more complex design, an

array of smaller legs is formed on the foot of each leg. The platform is man-

ufactured as an integral microelectronic unit from silicon and polyimide.

On one silicon plate (Fig. 2 (b)), several microrobotrs can be manufactured

simultaneously by means of photolithography, sputtering, and anisotropic

etching. The microrobot described is designed for operations both inside

and outside of a spacecraft. The robot can operate within a temperature

range of -200 to +200 C, in the presence or absence of an atmosphere,

and at low gravity. The device should also be resistant to the influence of

atomic oxygen. A prototype of the walking platform of a microrobot with

thermomechanical actuators [12] is shown in Fig. 3.

4. Possible applications of microrobots for inspection of

spacecraft in space

Currently, microrobots have not found broad applications for solving vari-

ous tasks on board of spacecraft, in open space or on the surfaces of other

planets. This can be accounted for by both the difficulties in the creation of

microrobots for solving tasks in space and the lack of justification for using

such robots in space flights. Analysis of feasible applications of space micro-

robots suggests the following areas for them: inspection and fault detection

in internal compartments of spacecraft; inspection and fault detection on

outer units and surfaces of spacecraft and other structures in open space;
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(a) (b)

Fig. 2. (a)A microchip for a bimorph thermomechanical microrobot. (b) A silicon plate

for fabricating several microrobots.

Fig. 3. A prototype of the thermomechanical walking platform [12]

operations on the surfaces of celestial bodies, including planets and large as-

teroids. As an example of an outer element of the structure we can consider

the body of a spacecraft. The main compartments and units of a spacecraft

are shown in Fig. 4. The figures indicate the areas of possible applications

of microrobots. The units located in these areas are most responsible for

the spacecraft and must have elevated reliability and provide a quick access

for an inspection microrobot equipped with appropriate microsensors.

These areas, in particular, involve:

• Docking unit and its components (1); this unit can be inspected by

a microrobot with an optical sensor.;

• Outer surface of the body of the spacecraft (2); a microrobot can

be used for nondestructive inspection of the surface for detecting

cracks and other damages.;
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Fig. 4. Areas of possible applications of inspection microrobots on external units of a
spacecraft [13]

• Optical viewfinders and other sensors of external information (3).;

• Outer components of the transfer compartment (4);

• Docking unit of the descent module (5).

5. Utilization of microrobots in internal compartments of

spacecraft

The interior of spacecraft involves a number of structural components the

inspection of which can be performed by mobile microrobots:

• ducts for laying electric cables;

• bundles of various cables;

• pipelines;

• corner compartments;

• distribution boxes;

• slits and gaps in the structure.

Operations that can be performed by microrobots involve:

• inspection of the space between cables;

• inspection of the technical state of internal compartments;

• transmission of visual information about dirt, dust, mildew, etc.;

• transmission of visual information about possible places that re-

quire a repair, about technical state of the distribution boxes,
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pipelines, cable bundles, etc.;

• cleaning;

• penetration into the slits in the inner lining;

In addition, microrobots can be used for fault detection on surfaces and

coverings, as well as for inspection of solar panels.
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Air conditioning equipment using duct piping is used to ventilate residences. If this 
residential ducting is used in a dirty environment, it will lead to adverse effects on human 
health. Therefore, a method to clean the ducts is required. However, with existing duct 
cleaning tools, it is difficult to clean the duct perfectly. Therefore, a duct cleaning robot is 
required. In previous research, we focused on a peristaltic crawling motion type robot, and 
developed a type of drive brush mounting. Cleaning and driving experiments confirmed a 
cleaning efficiency of 97.2%; however, the speed fell below the target value of 4.6 mm/s. 
In this paper, we propose a cleaning joint that strives for both cleaning efficiency and 
driving speed. We aim to realize an optimal duct cleaning robot by comparing the drive 
brush mounting types with a robot equipped with the proposed method.  

Keywords: Duct cleaning， ，Peristaltic crawling motion In-pipe inspection robot. 

1.   Introduction 

Air conditioning equipment that uses ducting plays a key role in keeping the 
indoor air of various types of buildings clean. However, if dust in the duct is sent 
inside the building, together with the ventilation air, it causes a decrease in 
cleanliness and leads to health damage, such as sick house syndrome [1]. 
Therefore, duct cleaning is necessary. 

The outline of the conventional cleaning method is shown in Fig. 1. The duct 
of a large building, such as a factory, has a large cross sectional area and has few 
curved parts, so cleaning in this way is relatively easy. cleaning agency use a 
propeller-attached brush and an Air lance (Nihon Winton, Tokyo, Japan), on a 
pneumatically driven cleaning device, as a cleaning tool for large building ducts 
[2]. A pneumatically driven cleaning tool has a cleaning portion at the tip of an 
air tube. This is pushed into the duct, and a cleaning portion at the tip removes the 
dust, by applying air pressure. On the other hand, the ducts in domestic housing, 
which are generally 75 mm inside diameter, have a relatively small duct diameter 
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and many curved parts. In a housing duct, even if the cleaning tool is pushed 
inside, it cannot move deeply into the duct due to the friction at curved portions 
of the ducting. Hence, it is difficult to clean the housing duct completely. 
Therefore, the development of a duct cleaning robot capable of cleaning housing 
ducts is required. There are three requirements for a duct cleaning robot: being 
able to move while negotiating a number of curved parts in the duct, be capable 
of rapid cleaning, and to remove the dust from the duct. Existing in-pipe traveling 
robots include snake types, wheel types, cilia vibration types, and peristaltic 
crawling motion types. However, each of these has problems. Since the snake type 
robot meanders, it requires a large driving space. The wheel type of robot is 
difficult to miniaturize, because it is equipped with a motor. the cilia vibration 
type robot is unable to drive in reverse [3]-[7]. On the other hand, the peristaltic 
crawling movement type is a movement method that propagates through the 
expansion and contraction of the body segment in the axial direction, imitating 
the peristaltic crawling motion of the earthworm. Because of this, it is possible to 
drive with stability in a thin tube. Existing peristaltic crawling motion robots have 
been used as inspection devices for both sewer pipes, and gas pipes. They have a 
high traction force, and can break through right angle pipes [8][9]. The peristaltic 
crawling motion type of robot can be expected to satisfy the driving performance 
required, for a duct cleaning robot. 

The authors considered a peristaltic crawling motion type duct cleaning robot, 
and devised a cleaning unit and a cleaning joint. In the previous study, we 
developed a type of drive brush mounting (type-A) with cleaning unit, and 
confirmed it had a cleaning efficiency of 97.2 %, and a speed of 4.3 mm/s, in a 
cleaning experiment using simulated dust [10]. However, we have not yet 
investigated the cleaning efficiency and speed performance of a robot equipped 
with a cleaning joint which is the other cleaning tool. Therefore, in this paper, we 
discuss the development of a robot equipped with a cleaning joint, and investigate 
the cleaning efficiency and driving speed. Based on the experimental results, we 
attempted to balance the cleaning efficiency and driving speed of the peristaltic 
crawling motion type duct cleaning robot.  

Fig. 1 Existing cleaning method 

2.   Duct cleaning and the need for a duct cleaning robot 

We explain the procedure of cleaning a duct in a house. Firstly, ventilation is 
stopped in the whole house. Next, the operator takes one end of the duct installed 
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in the attic, inserts a cleaning tool, and peels off dust adhering to the inside of 
the duct (Fig. 2). Finally, the operator applies suction to the peeling dust, using a 
dust collector attached to the other end. The time needed to clean the ducting in a 
house is about six hours. The duct used in houses (Fig. 3) has an inner diameter 
of 75 mm, a radius of curvature of 1000 mm, and a length of about 10 m. One 
house would require between 8–10 m of ducting. This ducting easily bends and 
stretches, and has many curved parts.  

The requirements for a duct cleaning robot are as follows. The first is driving 
performance: it is necessary to be able to insert the robot into the duct and it must 
adapt to many bends. The second is speed performance: in order to clean 10 ducts 
within 6 hours, the target speed is 4.6 mm/s. The third is cleaning performance: it 
is necessary to be able to peel the dust from the inner wall of the duct, and to make 
it possible to use suction to remove it with the dust collector. 

 
Fig. 2 Dust adhered in the duct Fig. 3 Appearance of duct 

3.   Peristaltic crawling motion type duct cleaning robot 

In this chapter, we discuss the movement and cleaning methods that satisfy the 
requirements described in Chapter 2. 

First, we describe the movement methods. Existing in-pipe driving robots 
cannot be used as a cleaning robot, because they are difficult to make small 
enough, and do not operate in reverse. Therefore, we focused on a peristaltic 
crawling motion type robot, which is excellent in traction, and can be 
miniaturized. 

The peristaltic-crawling-motion-type-robot consists of a driving unit 
responsible for movement, and a joint connecting the constituent parts. The 
driving unit uses a straight-fiber-type artificial muscle. This artificial muscle is a 
structure in which natural rubber, containing carbon fibers arranged in a single 
direction, is molded into a tube shape. Therefore, the expansion of the driving unit 
in the axial direction is restricted. Hence, when air pressure is applied, it expands 
in the radial direction and contracts in the axial direction, as shown in Fig. 5 (b). 
By propagating this movement from the head to the back, it moves as shown in 
Fig. 6. In a previous study, a peristaltic crawling robot with the same diameter as 
the duct (type-N) confirmed that it had a running speed of 9.8 mm/s [10]. This 
performance satisfies the requirements of the driving speed, which is 4.6 mm/s. 

Next, we describe the cleaning method. Candidates for the cleaning methods 
are two existing cleaning tools: the Air lance, and a brush. The Air lance is a 
cleaning tool for large-sized ducts, and cannot clean inside a narrow duct. When 
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a brush is used, it can be classified into three different types of robots: drive 
brush mounting type (type-A), top brush mounting type (type-B), and joint brush 
mounting type (type-C), as shown in Fig. 4. 

Type-A is a robot equipped with a cleaning unit comprising a type-N driving 
unit wrapped around a brush. Type-A robots move while pressing the brush 
against the inner wall of the duct, ensuring it can be cleaned reliably. 

Type-B is a robot with a cleaning joint comprising a type-N joint wrapped 
around a brush. Type-B robots peel off the dust by pushing out the brush while 
simultaneously advancing through the duct. However, the speed decreases due to 
the friction between the brush and the inner wall of the duct. 

Type-C is a robot with a cleaning joint on the top, between the driving units. 
Cleaning can be performed reliably by increasing the number of cleaning points. 
However, since the friction between the brush and the inner wall of the duct also 
increases, it is predicted that the speed reduction is larger than type-B. 

In the previous study, a type-A robot was examined. The type-A robot was 
confirmed to have a cleaning efficiency of 97.2 %, and a speed of 4.3 mm/s. 
Although the cleaning performance was sufficient, the speed fell below the target 
speed of 4.6 mm/s. That is, the type-A robot is inappropriate as a cleaning tool. 
Therefore, after considering the cleaning joint, we compared robots of types A, B 
and C. 

 
Fig. 4 Types of robot structure 

 (a) Unpressurized (b) Pressurized 

Fig. 5 Appearance of a driving unit 
Fig. 6 Operation progress of 
the air duct cleaning robot 

4.   Drive brush mounting type (type-A) robot 

Figure 7 and Fig. 8 show the drive brush mounting type robot (type-A) and 
cleaning unit, developed in the previous research. Type-A is a robot with a brush 
seat wound around the driving unit of a peristaltic crawling motion type robot, 

traveling distance

Cleaning unit

Direction

Cleaning unit

Direction

Traveling distance
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without a cleaning function (type-N). When air pressure is applied to the type-
A robot, the brush is pressed against the inner wall of the duct due to expansion 
of the driving unit in the radial direction, thereby removing the dust. The brush 
uses nylon bristles, with a hair length of 11 mm. A cleaning efficiency 97.2 %, 
and speed 4.3 mm/s were confirmed by a cleaning experiment. 

 
Fig. 7 Appearance of the drive brush mounting type 

(type-A) 
Fig. 8 Appearance of  

the cleaning unit 

5.   The peristaltic motion type duct cleaning robot using a cleaning 
joint 

In Chapter 5, we propose a cleaning joint as a cleaning method, which works by 
attaching brushes to places other than the driving unit. Further, we considered the 
optimum shape of the brush. 

5.1.   Cleaning unit 

The cleaning joint shown in Fig. 9 has a structure in which a sheet of nylon brush 
material (Fig. 10), is wrapped around the joint of the duct cleaning robot (type-
N). The cleaning joints can be mounted at both ends of the type-N robot, or 
between the driving units. Since it drives while also rubbing the brush against the 
inner wall of the duct, it can be expected that the duct would be cleaned 
thoroughly. 

 
 

Fig. 9 Appearance of the cleaning 
joint 

Fig. 10 Appearance of the brush 
sheet 

5.2.   Consideration of the cleaning joint 

We estimate that the diameter of the cleaning joint, and the area of the brush, will 
both affect the cleaning efficiency and speed of the robot. However, it is difficult 
to determine how the interaction of all the different design parameters can affect 
the performance of the robot. Therefore, we limited the range of parameters to be 
investigated to the diameter of the cleaning joint, and conducted an experiment 
where we considered the influence of the diameter of the cleaning joint on both 
cleaning efficiency and speed. We conducted experiments with two patterns of 
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top brush mounting type (type-B), and joint brush mounting type (type-C), as 
shown in Fig. 11. We investigated the optimum diameter for each type. 
Furthermore, by comparing the experiment results of type-B and type-C robots, 
with the experimental results of a drive brush mounting type (type-A) and 
peristaltic crawling motion type robot without cleaning function (type-N), we 
decided on a practical peristaltic crawling motion type duct cleaning robot. The 
diameter of the cleaning joint used in the experiment was equal to, greater than, 
and less than the inner diameter of the duct. Specifically, a cleaning joint with 
three outer diameters of 73 mm, 75 mm, and 77 mm were prototyped. They were 
each mounted in both a type-B and a type-C robot. Hereinafter, these are referred 
to as type: B-1, B-2, B-3, C-1, C-2 and C-3.  

Fig. 11 Appearance of  duct cleaning robots equipped with a cleaning joint. 

6.   Driving experiment of top brush mounting type (type-B) and joint 
brush mounting type (type-C) robots 

In this chapter, we perform driving experiments with all six types of brush format 
mentioned in section 5.2. The robot was driven  into the duct, then the time taken to 
travel through a 500 mm section was measured, from which the speed was calculated. 

6.1.   Experimental environment of the driving experiment 

The experimental environment is shown in Fig. 12. The pressure applied to the driving 
unit was set to 0.1 MPa, and the contraction and extension time were set to 0.6 s. 

Fig. 12 Environment of the driving experiment 

6.2.   Experimental results of the driving experiment 

The experimental results are shown in Fig. 13. We confirmed that all six robots 
of type B and type C exceeded the target speed of 4.6 mm/s. In addition, we 
confirmed that type B-1, B-2, and C-1 speeds were equivalent to a type-N speed. 
We considered that the type-C robot speed is lower than the type-B robot speed 
because the movement of the driving unit was hindered. The movement of the 
driving unit was hindered by the expansion and contraction of the duct, caused by 
the friction of the multiple brushes. 
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Fig. 13 Speed of robot 

7.   Cleaning experiment of top brush mounting type (type-B) and joint 
brush mounting type (type-C) robots 

In this chapter, we perform cleaning experiments with all the six types mentioned 
in section 5.2. Evaluation of the cleaning experiment was conducted using the 
parameter of cleaning efficiency E (%). The cleaning efficiency (E) is shown in 
equation (1):  

ܧ ൌ ሺ1 െ
݉
ܯ
ሻ ൈ 100 (1) 

where m is the mass of the object to be cleaned (after cleaning), and M is the 
mass of the object to be cleaned (before cleaning). 

7.1.   Experimental environment of the cleaning experiment 

The experimental environment is shown in Fig. 12. The object to be cleaned (50 
g of silica sand) was fixed to the 500 mm section of the inner wall of the duct.  

7.2.   Experimental results of the cleaning experiment 

The experimental results are shown in Fig. 14. It was confirmed that the cleaning 
efficiency increased as the diameter of the cleaning joint increased, and that the 
cleaning efficiency of type C-3 robot was higher than that of type A robot. The 
reason why the cleaning efficiency increases as the diameter of the cleaning joint 
increases, is because the friction increases between the brush of the cleaning joint 
and the inner wall of the duct. From the experimental results in Sections 6.2 and 
7.2, it can be confirmed that type C-3 exceeds a type-A robot in both cleaning 
efficiency and speed. Therefore, we consider that the optimum cleaning tool for 
the duct cleaning robot is a cleaning joint, with a diameter of 77 mm. 

Fig. 14 Cleaning performance of the robot 
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8.   Conclusion 

A cleaning joint was proposed to achieve both the required cleaning efficiency 
and speed. In order to explore the optimum diameter of the cleaning joint, a trial 
production of three different diameter cleaning joints were made. The cleaning 
efficiency and speed of both a top brush mounting type (type-B), and joint brush 
mounting type (type-C) were measured, using three different diameters of 
cleaning joints. From the results,  it was confirmed that the type-B robot, equipped 
with the 77 mm diameter cleaning joint, had a cleaning efficiency of 99.1%, and 
a speed of 6.1 mm/s. Therefore, we consider that a type-B robot equipped with a 
77 mm diameter cleaning joint is best suited as a peristaltic crawling motion type 
duct cleaning robot. 
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Inspection of ship-hull welds must be carried out in accordance with classification society 
guidelines during manufacture and when in service. Failure of ship-hull welds can result 
in the loss of a vessel, loss of life and pollution of the environment. Typically weld lines 
are inspected using ultrasound NDT techniques which are labour intensive, expensive and 
often hazardous to operators. To remain competitive shipbuilders and inspection 
companies need to reduce costs while maintaining or improving inspection quality. 
Automated inspection can achieve this, but current systems are complex, expensive and 
not suited to shipyard operation. AWI is a novel robotic autonomous system (RAS) that 
uses magnetic adhesion to climb ship hulls and autonomously track weld lines while 
performing ultrasonic scans of the welds.  Communication of the inspection data is 
transmitted wirelessly to the inspector sited remotely. This addresses a key challenge in 
overcoming the payload limitations of current climbing robots. Therefore, AWI is equipped 
with rugged, fast and secure wireless communications, which robustly integrates with the 
robot hardware for industrial service §.  
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1.   Introduction  

1.1.   Objectives of the research 

All ship hull welds must be inspected prior to a vessel entering service and at 
periodic intervals during its service life as per guidelines issued by the 
classification societies [8]. Ultrasound based methods are widely accepted as 
standard means for non-destructive inspection of welds. For each ship hull many 
100s of metres of weld may require inspection. Due to the nature of the hull and 
the ship yard environment inspections can be hazardous, often requiring rope 
access and scaffolding to reach the weld lines. Safety and productivity can be 
greatly enhanced throw automation of the hull inspection. Therefore, the present 
work outlines the development of a new climbing robot designed to carry out 
phased array ultrasound inspection on ship hulls. 

1.2.   Outline of robot requirements 

AWI is a climbing robot, using magnetic adhesion, designed specifically to 
inspect weld lines. Its primary operating environment is the external hull of newly 
manufactured ships, focussing particularly on areas which are difficult to access 
by humans. The aim is to remove the requirement for inspection by rope access 
and scaffolding which will improve safety for the inspector and greatly reduce the 
cost of inspection. 
In order to move the state of the art forward and to be attractive to industry the 
robot and inspection system must be able to autonomously follow weld lines while 
carrying out ultrasound inspection. When defects are identified they must be 
marked so that intervention can be carried out. The robot must travel at high speed 
between inspection areas but also be able to travel at a lower rate determined by 
the inspection system.   

2.   Industrial climbing robots  

The design of a climbing robot for industrial applications depends on several 
factors influenced by its operating environment and the task it must carry out. 
Research activities on wall climbing robot has been carried out for several years 
now [1][3][4], but inspection of weld lines on large ship hulls remains a challenge. 
Payload capacity, mobility, adhesion safety and energy consumption are the 
primary factors influencing design choices [5]. For climbing on non-ferrous 
surfaces, systems tend to employ either energy intensive suction or dynamic 
vortex adhesion methods. For ferrous structures, the choice is permanent magnets 
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or electromagnetic adhesion. Electromagnets offer the ability to control the 
magnetic on command but require constant energy consumption to maintain their 
magnetic field [6].  To overcome payload limitations and power consumption 
problems, it was necessary to use permanent magnets mounted in the robot 
wheels. This will also prevent the robot from falling in the case of a power failure. 
The robot must be capable of climbing on both steeply sloped and vertical surfaces 
and be able to transition across different planes. Therefore, a force analysis has 
been carried out to ensure stability of the robot across all climbing modes to avoid 
sliding and roll-over failure. Figure 1 shows a free body diagram of the robot 
operating on a vertical plane, where the robot weight is G, the pitch between the 
centre of the front and rear wheels is L, and the centre of gravity from the climbing 
surface is h. The robot acceleration is a, and the coefficient of surface friction µ 
(wheels-surface). To avoid slipping, the total adhesion force Ft, must satisfy 
Equation (1): 

 
 

(1) 

 

 
Figure 1. Free body diagram of a robot climbing a vertical plane. 

 
According to [2], by taking the moment about point G from Figure 1, the required 
force can be found. Therefore, 

 
 

(2) 

To prevent roll-over, the centre of gravity of the robot should be designed to be 
as close to the wall as possible and the wheel base should be as long as possible.  

3.   Magnetic adhesion system  

The adhesion force for AWI is generated by four magnetic wheels. In order to 
ensure that the target adhesion force is achieved numerical simulations were 
carried out using COMSOL Multiphysics software. Each wheel is composed of 
four segments of N35 neodymium magnet of 20mm thickness. The outer diameter 
of the wheel is 100mm and the inner diameter is 35.70mm.  
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The magnets are surrounded by a 10mm thickness stainless steel on both sides 
to keep the magnets aligned, plus 4mm of rubber for protection. The ship hull has 
been simulated as 20mm steel plate. The key properties of the materials used in 
the simulation are listed in Table 1. The adhesion force achieved per wheel is 
82.485N, which corresponds to 8.4Kg of pull. The distance (L) between wheels 
is 150mm and horizontally the distance is 430mm. Hence, the total adhesion force 
is computed as 330.70N, i.e. 33.72Kg pull. 

Table 1. Values used for FEA simulations with N35 and N42 magnets. 
Properties N35 N42 

Magnetic induction intensity of magnets Br(T) 1.13 1.31 

Magnetic Coercive force Hcb (KA/m) 868 915 

Intrinsic Coercive force Hci (KA/m) 955 955 

Magnetic energy product HB (KJ/m3) 263 318 

Relative permeability of magnets (µr) 1.05 1.05 

Relative permeability of wheels steel enclosure 1 1 

Relative permeability of steel climbing surface 1500 1500 

 
In further simulations the grade of the magnets was changed to higher intensity 
N42 magnets. This achieves an adhesion force of 110.50N (11.26Kg) per wheel. 
Therefore, with four wheels the total adhesion force of AWI is 444.44N 
(45.32Kg). 

              
Figure 2. Results on COMSOL: a) Magnetic flux streamlines. b) Direction of the magnetic flux of 

the four magnets (polarisation of magnets). c) Magnetic flux density norm (four wheels).  
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4.   Design of the climbing robot 

4.1.   Mechanical hardware 

The main chassis of AWI is constructed from folded and welded 316 stainless 
steel with a sealed marine grade anodised aluminium lid. The drive shafts are all 
fitted with double acting lip seals made of Therban HNBR, which when combined 
with IP67+ electrical connectors ensure that AWI remains watertight. 

• Dimensions of AWI are L: 410mm x W: 472mm x D: 210mm 
• Weight 25kg   - Wheelbase of 150mm - Track of 430mm 
• Powered by 40V DC from control box 

4.2.   Electronics hardware 

Autonomous robots commonly use embedded software to operate, but AWI was 
designed to function using a custom made desktop application written in C#. The 
main advantage of this approach is that loosely-bound code allows for future 
features or modifications to be made without impacting other areas of code. This 
is possible via a device server, which is connected to a USB hub and Ethernet 
switch. Some of the components on AWI work on RS485 and RS232 protocols, 
which are converted to USB to allow a desktop computer to identify the 
components as COM ports. The Ethernet switch is connected to an industrial 
wireless card, which has a 3 channel rugged antenna operating on 2.4-5GHz 
frequency. Figure 3 illustrates the overall hardware connections within the AWI 
robot. 

 
Figure 3. Diagram of hardware connections within the AWI robot. 

 
The optical sensing of the weld lines is achieved using a green 2D laser line 

generator and an HD USB camera mounted in adjustable holders. The information 
required by the weld following algorithm is a frame captured by the camera, which 
applies a colour filter to the image given user selectable RGB values and then 
pixel detection to highlight weld area. 

The NDT inspection equipment is mounted at the front of the robot. This 
includes an ultrasound phased array probe and a Hengstler optical encoder (more 
details of the inspection system is provided in section 5). Position data from the 
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encoder is fed directly to the NDT system rather than using the motor driven 
encoders in order to minimise the problem of the driven wheels slipping. 

 
Figure 4. AWI’s NDT payload. 

4.3.   Robot software and control 

The purpose of AWI is to automatically follow long welds while carrying out 
inspection, however, the user interface also allows operators to manually drive the 
robot. Image frames from the front mounted camera are displayed in bitmap 
format. 

Weld line detection is achieved by processing each camera frame using the 
AForge.Net framework. The image is first filtered to remove RGB colour outside 
the desired threshold. The resulting monochromatic image is shown in Figure 6. 
The raw bitmap data is then scanned, and the peak y pixel is selected to identify 
the centre point of the weld.  

 
Figure 5. Weld following algorithm flow chart. 

 
The weld centre is then compared to the centre point of the camera resolution. 

The difference between the two is then used as the feedback error to correct the 
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robot direction. The weld following algorithm is described in the flowchart in 
Figure 5. 

5.   Experimental results  

5.1.   Performance of the climbing robot 

After assembly was completed (see fig. 4) a full system test of the robot 
performance was carried out on a horizontal and vertical test wall (see fig. 6a) at 
InnoTecUK. The wall features around 36 different defects embedded in the weld, 
such as cracks, lack of penetration, and discontinuities. The wireless 
communication was robustly established and data could successfully be retrieved 
including visual information of the weld and the laser profiler (see fig. 6b). During 
inspection AWI’s speed was set at less than 50mm/sec, which is suitable for weld 
inspection. AWI’s maximum speed achieved when not inspecting the weld and 
by teleoperation using a remote control was around 150mm/sec.   

   
Figure 6. AWI’s Trials. 

 
AWI was able to localise itself along the weld based on the feedback provided 
from the wheel encoder. The emergency stop button feature allows the operator 
to cut the power of the whole system and stop the robot if safety related problems 
are encountered. Despite being powered down, the robot will maintain its position 
due to its magnetic wheels, which do not require any power to work. Furthermore, 
AWI was shown to be able to physically mark the position of the defects as they 
were encountered.  

5.2.   Defect detection using the on-board inspection system 

The inspection system used during the trials was a conventional phased array 
ultrasound system. Calculations were made to determine the wedge angle and the 
full and half skip distances required for full inspection of the weld line, taking into 
account the weld thickness (fig. 7a).   
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Figure 7. a) PA probe is mounted in the roller probe at 19°. b) Example of c-scan measured from the 

weld showing identification of defects. 

 
With such an angled wedge and distance from the weld line inspection of the 
weld was possible and all the defects were correctly identified (fig. 7b). 

6.   Conclusions and future work 

We presented a successful integration of a phased array ultrasound inspection 
system on a climbing robot and demonstrated that our method could effectively 
detect defects in welds. Communication between the robot and the remote 
computer is completely wireless. As future work, we intend to reduce the chassis 
weight to mount a high capacity battery for at least five hours of autonomy. Our 
initial demonstration uses also an umbilical to provide the couplant for the 
inspection system. Removing the umbilical using a dry couplant as in [7] will 
allow AWI to operate fully wireless, so further work will be carried out to find a 
suitable substitute for the couplant.  Finally, we will trial AWI under realistic 
conditions on real ship hull at several meters from the remote computer, in a range 
of light conditions and poor weather. 
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Abstract— Inspection of both small and large diameter bore pipelines for pipe integrity 
and defect identification with a single system has previously been impractical; especially 
using wall-press locomotion methods with low adaptive range. A miniature magnetic wall-
climbing robot has been developed as a robotic solution for the inspection of 50mm bore 
diameter pipelines which can scale in-pipe geometry obstacles to access larger connected 
pipelines. Using magnetic arrays directed through steel flux plates within the wheels, the 
robot uses magnetic forces to adhere to the pipe. The system is 3D printed and includes 
soft printed material rubber wheels. The robot prototype is wirelessly driven, controlled 
remotely through serial Bluetooth communication radio at 2.4 GHz rated up to 100m. The 
robot’s unique compact geometry and magnetic design allows it to scale concave right-
angle wall cases in just a 50mm diameter bore. By entering pipe networks through these 
small existing access points the robot removes the need for expensive drilling procedures 
required to fit launch vessels.  

Index Terms—In-Pipe Robot; 3D Printed Robot; Magnetic Robot; Pipe Inspection 

1.   Introduction 

The field of in-pipe robotics is rapidly growing as pipeline networks around 
the world begin to reach the end of their initial design lives. Maintenance and 
repair of these networks can be costly and damaging to the environment due 
to the unnecessary excavation of healthy pipelines. Inspection robots can be 
used to investigate sections of pipe flagged for replacement and can 
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determine the true interior condition. Types of in-pipe robotic locomotion 
can be categorized using basic elements, the elements presented in Figure 1 
expand on the types of locomotion discussed in previous in-pipe hybrid 
literature reviews [1]. Modern in-pipe robots combine basic locomotion 
elements to form hybrid in-pipe systems with the ability to traverse a wide 
range of pipe obstacles and diameters [2]. The simplest of these being wheeled 
and caterpillar type robots (B & D). Specialized in-pipe methods of 
movement include, screwing, wall-press, and inchworm systems (C, E, & F). 
These locomotion methods are often combined with the more advanced 
methods, snake, walking, and magnetic (G, H, & J). The most widely used 
hybrid is wheeled wall-press systems due to their ability to use the pipe walls 
for traction. Adaptable Quad Arm Mechanism (AQAM) is a hybrid wheeled 
wall-pressing robot for 260mm – 300mm pipes, consisting of four arm 
mounted wheels in a single plane. The robot has impressive maneuverability 
due to its four independently controllable arms and swivel mechanism [3]. 
Multifunction Robot for INSPECTion of pipeline (MRINSPECT) is a 
wheeled wall-press hybrid in-pipe robot series designed at Sungkyunkwan 
University. The robot can perform all types of in-pipe geometry problems 
shown in Figure 2. MRINSPECT uses a multi-axial differential gear system 
to control each of its four wheeled legs angles through active bevel drive 
connections [4].  

 
Figure 1: Basic in-pipe robotic locomotion types A – I. 
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Hanyang University developed a single-plane wheeled system. The problem 
faced with single plane contact is stability, any loss of wall contact in these 
designs will de-centralize the robot and make recovery extremely difficult 
[5]. Heli-Pipe is a series of wall-press systems that have a diametric adaptive 
ability of 10mm, as a result four different prototypes were made, ranging 
from 170mm to 40mm [6]. Caterpillar wall-press robots are also popular as a 
higher traction alternative to wheeled hybrid systems. Kanagawa University 
developed a hybrid of caterpillar and wall-press components, built from 
modular units each containing a driving caterpillar track. Connecting three or 
more units allows the robot to drive in-pipe, should a larger diameter need to 
be traversed the number of driving units can be increased [7]. Pipe Adaptive 
Robot of YonSei University (PAROYS-II) uses an actively controlled 
pantograph mechanism with a partially passive spring mechanism, this allows 
large changes to be controlled and small obstacles to be ignored. Its use of a 
second set of articulated caterpillar tracks allows a huge adaptive range of 
400mm – 700mm [6]. SPRING is a screw type wall-press robot developed at 
Osaka University, although it relies on full wall traction it is unlike traditional 
full-bore wall-press systems which keep their chassis centralized in the pipe 
[9]. Snake robots are popular in industry pipe applications, they maximize 
space available and can be easily made to be modular in design allowing them 
to be flexibly suited to different tasks. PIRATE snake-like, and modular in 
nature featuring articulated clamping modules that can actively change the 
height of the robot to adapt to changes in pipe diameter [10]. The PipeTron 
series developed by HiBot, Tokyo is a multitude of robotic in-pipe 
exploration snake robots. Predominantly designed for tight bend systems 
such as refineries and chemical plants, the system is tethered for instant 
retrieval and consists of passively articulated wheels connected in a series 
[11]. The Explorer series is a multitude of industrial snake robots designed 
for the inspection of live gas networks under operating conditions, however 
it requires a full bore to operate with little adaptability ranging from just 
150mm – 200mm [12].  
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Figure 2: Common in-pipe obstacles A-F. 

In ferrous pipelines, magnetic systems have all the locomotive advantages of wall-
press without the need for adaptive diameter mechanisms. The first magnetic in-
pipe robot was developed by the Osaka Gas Company in 1995, the system was a 
dual wheeled magnetic concept for the inspection 150mm - 600mm iron pipelines 
[13]. An advanced example of a magnetic wheeled in-pipe robot would be 
MagneBike. It can steer in a large range of in-pipe diameters, and can make 
obstacles such as T-Sections become trivial [14]. Synthotech [15] is making 
innovative progress towards complete pipe inspection with two robotic platforms 
targeting different challenges. The first; the Tier One Replacement System 
(TORS), a snake pipe robot focusing on lower diameter consumer pipeline 
replacement. Project Gas, Robotic Agile Inspection Device (GRAID) [16], will 
inspect the National Grid Gas Network under live operating conditions using a 
magnetically adhered caterpillar system. Magnetic robots are also used in out-pipe 
cases to traverse walls, ship hulls, and ferrous structures such as the boiler tube 
inspection prototype robot [17]. Omni-directional wheels used in conjunction 
with magnetics can lead to extremely maneuverable out-pipe robots such as 
Omni—Climber [18]. 

2.   In-pipe robot design 

The proposed in-pipe robot is intended to travel from small diameter pipelines to 
larger bores. The target inspection network consists of ferrous pipelines in the 
diameter range of 50mm – 1250mm. Magnetic adhesion is a suitable method in 
this case, performing the function of adhesion without the need for a full-bore 
wall-pressing system. As seen in other wall-pressing designs a full-bore adaption 
mechanism severely limits the range of pipelines that can be inspected by a single 
robot, even in the best case: the robot called PAROYS-II has a full adaption range 
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of 300mm [8]. The proposed robot will be specified to enter a 50mm inner 
diameter pipe and be able to overcome obstacles present in the network. For 
miniature wall-climbing robots, obstacles in Figure 2 can be simplified to distinct 
cases shown in Figure 3 in which a bend is either concave, or convex. Completion 
of both convex and concave geometries using magnetic systems is challenging 
without the use of articulated systems or many actuators allowing multiple 
degrees of freedom. Driving directly up to a convex case with magnetic wheels 
causes them to lock in place as the magnets act with equal force to each wall in 
contact.  

 

 
Figure 3: Simplified in-pipe geometry. 

The concave case is equally challenging, as the wheels reach the right angle, 
magnetic force drops dramatically as the total potential magnetic flux transferred 
into the steel decreases causing slip at the wheels. The design challenge is to 
overcome these types of obstacle using a robot that stays within the tight space 
constraints of a 50mm pipeline. For this to be possible the robot profile must be 
below the given diameter with a clearance of the magnetic wheels such that they 
do not attract or lock with the top side of the inner pipe. 

2.1.       Robot Design Overview 

The magnetic pipe robot, shown in Figure 5 was designed to enter 50mm internal 
diameter ferrous pipelines. The robot is equipped with magnetic wheels, a 
wireless control system, and two motors, it is 3D printed, including soft rubber 
wheels printed in-situ using soft printed material. Many basic vehicle designs 
were considered to save space within the pipe. The planar wheel (bike like) 
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configuration as used in MagneBike [14] Figure 4 (a), allows for efficient 
placement of magnetic wheels however it requires stabilisers to remain laterally 
stable (b). In a 50mm pipe, space is paramount and so a two-wheel vehicle (d) has 
been designed which grants efficient motor placement along the length of the pipe, 
this reduces the length and complexity vs both a 4 wheeled magnetic vehicle (c), 
and caterpillar system (e).  

 
Figure 4: Magnetic robot skeleton base designs (a – e). 

 

 
Figure 5: (a) Geometry of the magnetic robot.  

	ܮ ൈ 	ݓ	 ൈ ݄ ൌ 85.10݉݉	 ൈ 	46.88݉݉	 ൈ 	38.65݉݉ 
The main body of the robot is printed as two separate halves and screwed together 
after the addition of motors, electronics and battery. The wireless Bluetooth radio 
transceiver is mounted on top of the chassis directly with the Arduino FTDI. This 
allows reprogramming later by detaching the radio.  

2.2.       Transmission System 

Due to the size constraints when designing a robot for a 50mm diameter pipe, the 
motors are mounted perpendicular to driveshaft and the wheels. The motors sit 
parallel one on top of the other, each drive one gear train with transmission 
through a bevel gear, shown in Figure 6. The driveshaft then transmits power 
through the spur gear on the opposite side to drive the wheel with a transmission 
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ratio of 1.2:1. These sections are 3D printed, they are assembled with 5mm 
I.D. 8mm O.D. bearings which are push fit into the chassis during assembly. 
These allow smooth rotation and locating the centers for transmission assembly, 
keeping meshing distance of the gears constant. Although the motors are 
interchangeable depending on the desired gear ratio the current 250:1 motors 
allow a max wheel speed of 80 RPM.  

 
Figure 6: Transmission system, & Motor Layout, with part No. 1: Motor, 9: Gear, 10: Driving Shaft, 

11: Wheel Gear, 14: Magnetic Wheels. 

 
The prototype was formed using Objet material VeroWhite (60g) and Tango+ 
(4g) as well as breakaway support (186g) to form a complete model. The total 
build time for one robot is 2hrs:45min and requires an hour of support cleaning 
from surrounding material due to the delicacy and small size of the robot parts. 
Shown in the Table 1 is the bill of materials required to assemble the robot. The 
price is quoted as £171 to produce one unit, however the printing costs for the 
chassis account for 66% of this price. This price is based on the production of one 
robot, charged at a £25 hourly rate for use of the Objet 1000 printer and a printing 
time of 3 hours. These costs could be reduced if the robot were to be printed in 
batches. 

2.3.   Wireless Driving System 

The robot is controlled using a 3.3V version of the Arduino Pro Mini which 
interfaces wirelessly over serial using the SparkFun Bluetooth Mate Silver. The 
3.3V level logic voltage uses less power than 5V version of the pro mini at the 
cost of processing speed (8MHz vs 16MHz) however it is directly compatible with 
all secondary components and does not require a voltage regulator. Bluetooth 
radio was chosen for the same reason, when idle it draws much less current than 



 296 

Wi-Fi options such as the ESP8266 (50mA vs 170mA during communication). 
As this robot is designed to operate in 50mm -1250mm diameter pipes, the 
Bluetooth 2.4 GHz module will only be effectively operational in 80mm - 
1250mm diameter pipes. We are currently investigating the use of a 5.8GHz 
module for smaller diameter pipes (50mm - 80mm) in future versions. For the 
purpose of this proof of concept, the Bluetooth module achieves the desired 
outcomes. A SparkFun dual motor driver breakout board is used to control 
direction of the two motors and hence steering, and a 3.3V LED is used as a power 
indicator. The whole system runs on a 260mah 7.4V Lithium Polymer (LiPo) 
rechargeable battery which supplies logic voltage to the Arduino, and raw voltage 
to the dual motor driver board. Commands are given to the Pro Mini via serial 
sent from a master computer running LabVIEW. The additional circuitry required 
increases assembly time in terms of the time it takes to solder, estimated at half 
an hour. The circuit boards and LED’s simply slide into the printed grooves and 
are held in place by frictional forces. A summary of the electronic materials used 
in the production of one unit, including price and weight can be found in Table 1. 

2.4.   Magnetic Wheel System 

The magnetic wheels were designed to increase the strength of the magnets by 
redirecting the flux of the magnets to focus it into the tracks. Instead of having 
magnets directly in contact with the inner surface of the pipe, they are housed 
between two steel plates, Figure 7. This has two benefits; redirection of the 
magnetic flux into the steel plates, and protection of the neodymium magnets. 
Corrosion and shock impact can cause degradation and fracturing of the magnets, 
by encapsulating them rather than placing them in direct contact with the pipe 
wall they are significantly safer. The magnets used in the wheel assembly are N42 
6x4x2mm rectangular magnets with a pull strength of 0.75kg. These magnets have 
their north and south faces on opposite sides of the 6mm x 4mm faces, which are 
in contact with the plates. The evenly spaced circular array of 9 magnets shown 
in Figure 7 is held within the wheel using a 3D printed spacing layer, this smooths 
out the flux dissipation to maintain an even distribution of tractive force as the 
wheel rotates.  
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Figure 7: Exploded view of the 34mm diameter wheel assembly. 

The wheel is connected using three screws which locate the entire assembly 
ensuring the wheel lines up optimally as intended in the CAD model. The through 
holes are seen in Figure 7. The flux lines run from one side the plate back, through 
the 1.5mm steel, into the pipe wall, and back through the second plate with the 
opposite face. By focusing the flux through the pipe wall in this way the magnetic 
absorption force increases, and a higher traction is generated at the wheel. Figure 
8 presents a close up of a central wheel cross-section and shows the wheel in 
contact with a flat steel surface. The distance between the magnetic flux plates 
and the steel contact surface are seen to be offset by the rubber tango material. 
The distance between these two surfaces is 0.5mm on a flat plate and up to 3.5mm 
in a 50mm diameter pipe section. 

 

 
Figure 8: Magnetic wheel cross-section flux diagram.  
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3.   Robot Performance 

The robot was printed, wheel flux plates laser cut, and assembled. The complete 
system was then analyzed in terms of locomotive capabilities, magnetic force, and 
maneuverability, the finished robot is shown in a 50mm pipe Figure 9. 
 

 
Figure 9: Assembled robot in a 50mm I.D. half-pipe. 

The magnetic force generated by the wheels was tested on mild steel plates of 
varying diameter. The plates were fastened to a testing rig using 3D printed 
spacers, seen in orange, the robot was clamped to the 10 Newton load cell of the 
Emperor Force measurement device, Figure 10, and then pull force tests were 
undertaken. The tests followed the same method; initially the load cell was zeroed 
and the robot lowered down into contact with the plate until the load was at zero 
again. The robot was then pulled off the plate at a rate of 0.5mm/sec until a height 
was reached where the magnetic field no longer has influence (30mm). The 
experiment was repeated 5 times for each plate size. The setup for this experiment 
shown in Figure 10, the results; Figure 11. It should be noted that the robot was 
first placed in a compression pre-loaded state to reach equilibrium with the 
magnetic force. This pre-loaded state is highlighted before each peak force point 
in Figure 11.  
Figure 11 shows that the pull force case for flat plate produces significantly 
stronger force (almost triple) when compared to the 50mm case. The uneven 
contact of the robot wheels in the 50mm diameter pipe case results in sub-optimal 
transfer of magnetic flux through the steel. The inner flux plates are a minimum 
of 3mm from the pipe walls making a complete flux flow through the two sides 
difficult. 
 



 299

 
Figure 10: Single column linear force tester with a 10N load cell. 

 

 

 
Figure 11: Magnetic pull force experiment result, pull force (blue), connection force (orange). 

In Figure 11, the peak pull force required to remove both wheel is highlighted in 
blue, whereas the re-attachment force is shown in orange. The shaded areas of the 
graphs indicate that the robot is in a compressed state.  

Table 1: Standard deviation of 5 experiment samples. 

 Flat Plate 
Pull 

Flat Plate 
Push 

50mm 
Pull 

50mm 
Push 

Standard 
Deviation 

0.017 0.002 0.114 0.009 



 300 

Magnetic wheels can encounter problems in cases where one wheel has more 
than one point in contact with a ferrous surface. The wheel can become stuck as 
to move in either direction it first has to overcome the unwanted magnetic force 
produced. The forces involved in this situation are described in Figure 12, where 
the robot is driving up a wall at a 90-degree concave angle. The robot is capable 
of completing the case presented in Figure 12 in a pipe, where traction is 
minimum. The robot has been designed with this worst case scenario in mind; 
travelling vertically in-pipe in the lowest diameter where magnetic force is 
minimum. This scenario results in lowest traction case, designing to complete this 
ensures the robot can perform any other section with a wider inner diameter or 
preferable orientations where magnetic or traction force applied is higher.  
 

 
Figure 12: Forces acting at point of 90-degree wall contact. 

For the wheel to drive up the wall from this position, the traction force ்ܨ.ଶ must 
overcome the wheels magnetic pull	ܨெ.ଵ. In this scenario the weight of the 

vehicle must also be overcome making this the most difficult case in terms of 
tractive effort. Balancing the forces around the point of contact and assuming the 
wheel is at the point just before accelerating up the wall, traction ்ܨ.ଶ  will equal 
 .ெ.ଵ plus the weight component, equation (1)ܨ

ଶ.்ܨ ∗ ሺܮ  ሻݎ ൌ ெ.ଵܨ ∗ ሺܮሻ െ ݉݃൫ܮ െ  ൯ (1)ܮ2

The magnetic forces required to allow this robot to provide enough traction to 
overcome weight means that the mg component is comparatively low (2). 

െ0.144 ∗ 9.81 ∗ ሺ0.047 െ 0.066ሻ ൌ 0.0276ܰ (2) 
Balancing forces in terms of ்ܨ.ଶ the total force that the wheel traction must 
overcome to climb the wall can be determined by equations (3), and (4). 

ଶ.்ܨ ൌ
ெ.ଵܨ ∗ ሺܮሻ
ሺܮ  ሻݎ

 0.0276 (3) 

ଶ.்ܨ ൌ 2.89  0.0276 ൌ 2.91ܰ (4) 
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To accelerate up the wall at this equilibrium point the traction force must 
satisfy the equation (5). Maximum tractive force that can be applied at ்ܨ.ଶ.ெ	is 
governed by equation (6): 

ଶ.்ܨ  
ிಾೌ.భ∗ሺಳሻ

ሺಳାሻ
 ݉݃sinሺ∅ሻ (5) 

ଶ.ெ.்ܨ ൌ  ே.ଶ (6)ܨ௦ߤ
௦ߤ :݁ݎ݄ܹ݁ ൌ 	Static	coefficient	of	friction	of	wheels	 
To satisfy the traction requirements, the static coefficient of friction, ߤ௦ must be 
maximized. In the scenario outlined in Figure 12 ܨே.ଶ is equal to the magnetic 
force from Figure 11; 4.99N (lowest recorded force), and	்ܨ.ଶ is equal to 2.91N 
from equation (4). When entered into (7) the minimum required static friction co-
efficient can be obtained: 

௦ߤ	 
ி.మ
ிಿ.మ

௦ߤ              0.58 (7) 

In Figure 13 the robot is shown driving on a steel floor directly up to a 90-degree 
steel wall in replica of the case outlined in Figure 12.  
 

 
Figure 13: Magnetic robot climbing 90-degree from steel to steel. 

The robot is optimized for high magnetic force on flat plate travel, this is due to 
the decreased risk in lower diameter pipelines. In large pipelines gas flow will 
likely be at the highest rate, hence a larger normal force will be required to 
maintain friction levels necessary to remove wheel slip. The robot can move at a 
top speed of 90mm/sec on a flat steel plate (Maximum magnetic attraction case) 
and can currently drive from any orientation. The robot is capable of completing 
a 180º pipe bend with minimum radius of 25mm within a 50mm pipeline. Driving 
straight around the inside of a pipeline is possible as when the robot reaches wall 
angles greater than 90 degree’s the chassis simply hangs upside-down. This 
version requires that you turn around at the top of the pipe as the Bluetooth mate 
module blocks wheel contact. Removing additional actuators to climb step cases 
greatly reduced the size of the robot however currently the robot is incapable of 
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convex right-angle cases due to the limited step space between the wheel and 
the chassis; currently 2.4mm.  

4.   Conclusion 

A wheeled-magnetic in-pipe robot has been designed to enter small 50mm 
pipelines found within larger pipe networks. These small entrances of 50mm will 
allow the robot to enter the larger connected network pipes which range from 
50mm – 1250mm. By using a magnetic robot that does not rely on wall-pressing 
for traction the obstacles usually encountered in-pipe can be simplified and focus 
can be narrowed to just two cases. The robot has proven effective at 90-degree 
wall climbing cases where two magnetic forces are active at once and can generate 
tractive forces necessary to overcome the unwanted magnetic force. Further work 
will be done on the optimization of the circular magnetic array, such as testing 
N52 neodymium and reducing the rubber thickness. Smaller magnetic wheels are 
to be added to stabilize the rear of the chassis, and the electronic component stack 
will be integrated within the frame of the robot to allow it to drive on either side 
of the chassis. 
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DEVELOP A SENSOR BASED ROBOT FOR RAILWAY 
INSPECTION 

Nathan Western; Shyamal Mondal 

Department of Engineering, London South Bank, 103 Borough Road 
London, SE1 0AA, England 

This project produced a sensor based robot capable of testing a section of railway track, 
using both magnetic flux and visual inspection. Surface quality inspection is performed by 
a probe consisting of a number of Hall effect sensors. Visual inspection is performed by a 
camera connected to the robot. A replica rail section was also created for the purposes of 
calibrating and demonstrating the robot. The hardware and software developed 
successfully collected video data and magnetic flux readings. The output of the hall effect 
sensor array was processed in MATLAB producing a heat-map. The shape and depth of 
artificially induced defects were successfully displayed. 

1.   Introduction 

In this project a robot was created to provide non-destructive testing (NDT) 
for rail. It aimed to provide a service comparable to a fully staffed test. It is hoped 
this will be a step towards more regular testing by being convenient and cheap to 
use, resulting in a safer railway service. A variety of NDT methods were 
considered and evaluated, and two were selected and incorporated into a 
functional testing robot that can detect common flaws in rail track. 

Rail testing and maintenance is essential to keeping Britain’s extensive 
network of train track operational. 1.7 billion journeys were made in 2016 
accounting for 8% of all passenger travel and over 10% of all freight moved [1]. 
Maintenance costs Network Rail £1.3 billion a year according to latest available 
figures from 2016-2017 [2]. It is still primarily carried out by technicians and 
engineers on site. Not only is this costly, it also limits the time at which 
maintenance can be performed to ensure the safe working conditions of the 
engineers. This creates problematic scheduling conflicts. 

Considering this, the project aimed to determine whether automation could 
reduce the costs of routine rail inspection or increase the effectiveness of NDT for 
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rail. This should be achieved using a mobile testing platform capable of utilising 
multiple testing methods. 

2.   Rail Inspection Robot Design 

The platform was designed to enable movement across the rail and contact 
between the rail and the sensor array. A single rail crawler design was selected.  

Figure 1a.  Assembly of Robot and Track                   Figure 1b. Exploded View of Robot 
 

 
This used wheels on the top and sides of the rail to travel across one rail and 

perform an inspection. This design supported visual and magnetic flux inspection 
with the optimal cost, time and materials usage.  
 

The robot was initially designed to move at a speed of 0.1m/s to ensure the 
sensors could take accurate readings. It would be hoped that the speed could be 
increased in future developments, but at this feasibility stage it was more 
important to achieve accuracy to prove the concept. 

The sensor array consisted of seven Hall effect sensors. The Arduino Mega 
board powered the sensors and collected the output signal. This was sent via serial 
out to the Raspberry Pi for storage. Neodymium magnets were used to magnetise 
the rail, and the sensors then measured any change in flux caused by defects. The 
sensors were positioned an equal distance from each other and the magnets. 

The robot comprises of two sub-assemblies. The lower part of the chassis 
holds the motors, battery and sensor array. The upper chassis, which sits on top 
of the lower, contains the microprocessors, power supply for the boards and the 
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camera. The chassis was printed in PLA plastic using Fused Filament 
Fabrication techniques. 

 
 

 
Figure 2a. A robot carried out inspection on the rail track.                 Figure 2b. Disassembled Robot. 

3.   Robot Controller Software Design 

The Arduino takes readings from the sensor array at an interval of 1ms. This 
data is then sent via Serial.print to the Raspberry Pi for logging as a .csv file. The 
Arduino was also responsible for managing the movement of the robot. An 
infrared sensor detects the presence of obstacles in the path of the robot and sends 
a signal to the motors, only if the path is clear. 

The Raspberry Pi was instructed to collect video and serial data using the 
command line over SSH. The video was collected using the raspivid command. 
The serial data was collected using the grabserial library. 

4.   Data Processing Method 

The Hall effect sensor data was analysed using MATLAB. A program was 
produced to calculate the average gauss reading for each sensor, and then 
construct a matrix of the difference between the average values and the results. A 
contour plot was chosen to represent this data because it displays the change in 
Gauss readings visually. Higher difference in Gauss values was shown as a darker 
colour, indicating a deeper defect. 
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Figure 3. Using the Grabserial Command to Collect Data from the Arduino 

 

5.   Results and Discussion 

The robot collected data from the Hall effect sensors and camera as it 
travelled the length of the rail section. The rail contained 5 defects of various size 
and depth. These represented common rail faults; severe detail fracture (at 
590mm), spalling as a result of rolling contact fatigue (515mm), two small head 
checking defects (380mm and 435mm), and finally a gauge corner crack with 
divergence (212mm). Multiple tests were conducted to determine the ideal 
distance between the Hall effect sensor array and the track. 

5.1.   Test 1 – 0.5mm Sensor Height from Rail Surface 

The initial test results are shown in Figure 4 after being processed by the 
MATLAB program. The readings were taken with the sensor a distance of 
approximately 0.5mm from the rail surface. Although there is some interference 
caused by the uneven surface all the defects are shown. Especially clear is the 
spalling type defect visible at reading 60. The sensor array was raised to a height 
of 1.5mm for the next test to try to remove some of the interference. 
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Figure 4. Test 1 Results for 0.5mm Sensor Height.     Figure 5. Test 2 Results for 1.5mm Sensor Height                                                     

 

5.2.   Test 2 - 1.5mm Sensor Height from Rail Surface 

During test 2 the sensor array was raised too far and did not make proper 
contact with the rail. This lead to the results being harder to interpret. The robot 
also slipped towards the end of the test, causing the jagged pattern visible from 
reading 70 onwards in Figure 5. The sensor was lowered to 1mm for the next test. 

5.3.   Test 3 - 0.7mm Sensor Height from Rail Surface 

Test 3 produced a clearer image of the test rail than test 2, as shown in Figure 
6. The divergent crack at 212mm is more clearly shown from readings 5-15. The 
deepest crack at 590mm is now very clear between readings 60-70. This did cause 
some distortion in the area by readings 50-60, making the spalling defect harder 
to see. The sensor was raised just 0.2mm for test 4 to compensate for this. 
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Figure 6. Test 3 Results for 0.7mm Sensor Height      Figure 7. Test 4 Results for 0.9mm Sensor Height 
 
 

5.4.   Test 4 - 0.9mm Sensor Height from Rail Surface 

Figure 7 shows the results taken during test 4. The dark orange shape at 
readings 10-15 show a change in Gauss of 1.75. This was caused by the gauge 
corner crack at 212mm, and the shape of the defect is represented. The two cracks 
at 380 mm and 435 mm are clearly shown at reading 25 and 35, with an indication 
of the shape and depth of the cracks. The spalling defect is less clear, but still 
visible in the readings at position 65-70. Finally, the deep crack at 590mm is 
shown at reading 80, with indication of depth. 

5.5.   Video Inspection Data 

Visual data was also collected by the robot using the Raspberry Pi camera. 
Stills from the video are shown in figures 8 & 9 below. This is the ferromagnetic 
top surface of the PLA replica rail section. When a defect is detected by the sensor 
array the video can be examined to further determine the nature of the faults. This 
also reduces erroneous readings, for example the sensor array travelling over 
organic debris such as leaves. 
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Figures 8 & 9. Images of Cracks in the Gauge and Head Region 

6.   Conclusions and Recommendations for Future Work 

6.1.   Recommendations for future work 

The slow speed of the robot was identified as a weakness during the project. 
If the speed could not be increased this could be compensated for by scheduling 
tests for small parts of the rail at one time. A study of railway maintenance [3] 
stated that a busy European railway might have inspection intervals of 4 months. 
Assuming testing being conducted solely during the working week, one robot 
could be scheduled to test each 115.2km of rail in a 4-month period. 

The distance the sensor is operating from the rail has a large impact on the 
results. The design would benefit from the addition of a thumb screw system to 
make sensor height adjustments easier. The addition of small wheels or rollers to 
the bottom of the sensor would also increase sensor stability. 

6.2.   Conclusions 

A robot capable of traversing railway track was developed, using a sensor 
array to conduct non-destructive testing of the rail. Additionally, the robot uses 
visual inspection to conduct a test of a section of track. This ensures a greater 
degree of accuracy and more conclusions about any defects can be drawn. The 
digital data was suitably interpreted, producing an image of the rail condition. 
Achieving this level of inspection using an automated, sensor based robot 
suggests that the costs of manual inspection can be reduced using automation. 

Whilst the exact location and shape of defects was not always clearly 
displayed, the sensor array did detect all the defects in the replica rail section. It 
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also gives a good indication of depth. At a sensor height of approximately 0.6mm 
from the rail surface the processed data is easy to interpret and indicates where 
further maintenance is needed. 

The project has successfully built on the paper “Sensor Development and 
Application on the oil-gas pipeline Magnetic Flux Leakage Detection” [4], 
making a Hall effect sensors for NDT application. The optimising of the sensor 
systems explored in their paper have been successfully modified for use testing 
railway track. Additionally, the work has included the development of software 
to visualise the sensor data. 
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Robots are expected to substitute for humans for work performed in locations at a height, 
such as the inspection of an airplane surface. The authors propose a traveling-wave-type 
wall-climbing robot simulating a snail movement. To this end, in this study, the negative 
pressure adsorption method was employed to develop a wall-climbing robot that could 
move on curved surfaces for high-altitude work. 

Keywords: Wall-climbing robot; Airplane inspection; Traveling wave. 

1.   Introduction 

High-altitude work includes the inspection of airplane surface, maintenance of 
high-rise buildings, maintenance of storage tanks, and operation of petrochemical 
product facilities at nuclear power plants, among others. These operations are 
performed regularly, wherein the assembling and footing of a tower wagon are 
necessary each time, thus affecting the time and cost. Furthermore, it is a problem 
to ensure the safety of workers performing work at high altitudes [1]. Therefore, 
to reduce time and cost and ensure worker safety, the development of a robot 
capable of performing these tasks is required. 

The application of multicotters and the development of a wall-climbing robot 
can help realize high-altitude work robots. [2]-[6]. Multicotters have the 
advantages of light weight, easy transportation, and fast running speed of the robot. 
However, the robot is not robust against the weather and has low loading capacity, 
among other issues. [2]. Nevertheless, the wall-climbing robot is less influenced 
by weather and rain compared with the multicotter, and the load carrying capacity 
is higher [3]-[6]. In addition, the existing wall-climbing robot has adopted vacuum 
suction using a suction cup to obtain high adsorption power [3]. However, in 
vacuum adsorption, objects cannot adhere well to a rough surface or a surface 
with irregularities, and suction cup wear is a problem. Negative pressure 
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adsorption by a fan, however, always discharges air to generate and maintain 
adsorption force. Therefore, adsorption to a rough surface or a surface with 
irregularities is possible. As such, in recent years, a negative pressure adsorption-
type wall-surface climbing robot has been proposed as a high-altitude work robot 
having high versatility [4]-[6]. The existing robot was confirmed to be adsorptive, 
and it could move on a rough surface. However, owing to the reduction in the 
adsorption power on the uneven surface, the robot cannot obtain sufficient grip 
and stacks [4] [5]. In order to solve this problem, a robot having a plurality of 
adsorption parts has been proposed; however, a passive joint and correspondence 
to a curved surface have not been realized to help increase the robot size [6]. 

To this end, the authors propose a traveling-wave-type mobile robot 
simulating a snail traveling [7]-[9]. In this robot, several adsorption units are 
respectively connected by a universal joint, and the robot progresses by the 
propagation of expansion and contraction between the units. At this time, the 
moving unit slides on the wall surface, and the unit that does not move is fixed 
with a strong force, such that each unit switches the frictional force [7] [8]. 
Consequently, the robot has a wide ground contact surface, thus maintaining a 
high adsorption force and stable traveling. Further, even if some of the units 
become insufficient owing to disturbance, they can be supported without being 
dropped by other units. Furthermore, the curved wall surface can also be traversed 
[9]. However, this robot can move only on magnetic surfaces to satisfy the 
properties of adsorption and friction switching with magnets. 

In this study, we adopt the negative pressure adsorption method for the 
traveling-wave-type mobile robot and aim for the development of a wall-climbing 
robot to be used for high-altitude work. We propose a negative pressure 
adsorption unit and evaluate the traveling of the mobile robot composed of that 
unit, as well as examine the application to the work robot.  

2.   Outline of High-altitude Work in Airplane Surface Inspection 

The surface of an airplane can be damaged by hail, bird collision, and lightning. 
Further, small scratches and dents are generated on the surface of the airplane 
during operation. Large damages are visually observed [10] and damages that are 
difficult to confirm visually are inspected using nondestructive inspection 
techniques such as penetrant inspection, magnetic particle inspection, X-ray 
inspection, and ultrasonic inspection.  

The radius of curvature of the airplane surface is approximately 1 m or more 
[11]. In addition, gaps and steps of approximately 5 mm exist at locations of door 
installation and other installations. [12].  
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3.   Proposal of Wall-climbing Robot  

3.1.    Required performance for robots 

The inspection robot requires adsorption while traversing the airplane body 
surface, which is made of nonmagnetic duralumin, and it must be able to inspect 
equipment. Furthermore, the robot is required to traverse the doors, window gaps, 
and oversteps. Therefore, the robot must satisfy the following performance 
requirements:  
  Adsorption movement on the wall surface and curved surface of nonmagnetic 

metal surface. 
 High adsorption power capable of mounting nondestructive inspection 

equipment and other equipment. 
 Ability to move on a surface with steps and gaps. 

3.2.   Proposal of a robot for airplane surface inspection 

The outline of the proposed robot is shown in Fig. 1, and the method of operation 
of the robot is shown in Fig. 2. The robot consists of four units that adsorb negative 
pressure using a centrifugal fan. Each unit is connected by a universal joint and 
can be adsorbed to a curved surface (Fig.1 (b)). In addition, each unit changes its 
frictional force simultaneously with expansion and contraction (called high-
friction unit during high friction, and low-friction unit during low friction). By 
this friction-force switching, the expansion and contraction of the unit facilitates 
the propagation, as shown in Fig. 2. Therefore, even during movement, a high 
adsorptive power can be maintained constantly and running stability can be 
secured. Furthermore, the lower part of the unit is a detachable part, and the 
friction material and seal material can be changed against the suction surface, as 
shown in Fig. 3. Consequently, the friction material and the sealing material can 
be changed with respect to the shape and material of the attracting surface. 

  
(a) Top view of a traveling-wave-type 

wall-climbing robot
(b) Traveling-wave-type wall-climbing 

robot on a curved surface 
Fig. 1 Overview of a traveling-wave-type wall-climbing robot 

Centrifugal
fan

Centrifugal
fan

Centrifugal
fan

Centrifugal
fan
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Fig. 2 Movement of a traveling-wave-type wall-climbing robot 

 
Fig. 3 Under material of a traveling-wave-type wall-climbing robot 

 

3.3.   Calculation of frictional force and attractive force required for robot 

We calculate the frictional force and attractive force required for the adsorption 
at an angle  made by the proposed robot to the wall surface. The dynamic 
equilibrium model of the robot is shown in Fig. 4, and the parameters are listed in 
Table 1. Because the unit changes the frictional force simultaneously with 
expansion and contraction, at the time of movement, a maximum of two low 
friction units are generated. Therefore, in the dynamic equilibrium model of the 
robot, these two are set as low friction units. Furthermore, the weight of the 
proposed unit is assumed to be 0.70 kg, and the weight of the model unit including 
the weight of the loaded equipment is set to 1.5 kg. The height of the center of 
gravity of the model unit is 70 mm, which is the proposed unit height. Further, the 
robot is a rigid body, and the attraction force and friction force are concentrated 
loads acting on the center of the face. Here, Equation (1) represents the sum of the 
necessary attraction forces obtained from the force components perpendicular to 
the attracting surface. Equation (2) indicates the required attraction force obtained 
from the moment around the lower part of the unit. When the robot is regarded as 
a rigid body, the center of rotation of the moment is the point that is the most 
difficult to support (Fig. 4, point A), and the two low-friction units are located as 
the unit with the weakest supporting force. Equation (3) shows the necessary 
friction coefficient obtained from the force component horizontal to the attracting 
surface.  

(Ah + Al) ≧ 2mgcos  

Ah(2a + l) + Al(2a + 5l) ≧ (4a + 6l)mgcos+ HGmgsin (2) 

 ≧ 2mgsin/ (Ah + Al - 2mgcos) (3) 

High
friction

Low
friction

Under material BNone Under material A
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To calculate the maximum required adsorption force and friction coefficient, 
we calculate  that maximizes the value of each right side. From the differential 
function of Equations (1)–(3), the right-hand side is maximum when  = 0°, 87°, 
and 8.8°, respectively. Equations (4)–(6) show the expressions in which the 
numerical values of  and the values listed in Table 1, are substituted into the 
respective expressions.  

Ah + Al ≧ 29 (4) 

2Ah + 7Al ≧ 1.3×102 (5) 

 ≧  
39.2 sin cos-1 39.2

Ah + Al

Ah + Al- 39.2cos cos-1 39.2
Ah + Al

 (6) 

 

 
Fig. 4 Equilibrium model 

Table 1 Parameters
 Parameter Value 

 Angle of an adhered 
surface 

0 ≧  
≧ 2 

A Half length of a unit [m] 
9.0 × 
10-2 

Hg 
Height of the center of 

gravity[m] 
8.0 × 
10-2 

M Mass of a unit [kg] 2.0  

G 
Acceleration of gravity 

[m/s2] 
9.8  

L 
Distance between each 

center point of a unit [m] 
0.30  

Al 
Adhesion force of a low-

friction unit [N] 
 - 

Ah 
Adhesion force of a high-

friction unit [N] 
 - 

Nl 
Normal force of a low-

friction unit [N] 
 - 

Nh 
Normal force of a high-

friction unit [N] 
 - 

Fl 
Frictional force of a low-

friction  unit [N] 
 - 

Fh 
Frictional force of a high-

friction unit [N] 
 - 

4.   Running Experiment

Running experiment on a horizontal plane 

The developed robot is shown in Fig. 5, and the robot parameters are listed in 
Table 2. The moving speed of the robot was measured with a horizontal metal 
surface. In addition, the unit of this robot adopted a sponge rubber having a large 
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friction coefficient to the airplane fuselage surface and a sealing effect to the 
material of the lower part of the unit [11]. Table 3 lists the adsorption force and 
friction coefficient of this unit during high adsorption and low adsorption. These 
values satisfy Equations (4)–(6). Therefore, the robot can be adsorbed on the wall 
surface at an arbitrary angle. 

After the beginning of expansion and contraction, the robot requires 25 s until 
one extension and contraction has been propagated to all the units and advanced 
(hereinafter referred to as a stroke), and the robot advances by 20 mm with one 
stroke. The time and moving distance necessary for the stroke depend on the 
performance of the linear motion servomotor.  

 

 
(a) Overview of a traveling-wave-type wall-climbing robot 

 
(b) Negative pressure suction unit 

Fig. 5 Traveling-wave-type wall-climbing robot 
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Table 2 Specifications of the traveling-
wave-type wall-climbing robot 

Parameter Value 

Weight [kg] 3.0  

Length [mm] 1.2×103 

Width [mm] 3.0×102 

Height [mm] 80 

Speed [mm/s] 0.80  

Time required for a stroke [s] 25 
Distance travelled in a stroke 

[mm] 
20 

 

Table 3 Measured values 
 

Parameter Value 

Adhesion force of 
high-friction unit[N] 

61 

Adhesion force of 
low-friction unit [N] 

30 

Coefficient of friction 1.2 
 

Wall climbing and slip of robot 

The developed robot can climb on a metal wall, as shown in Fig. 6. The trajectory 
of each unit of the robot at this time is shown in Fig. 7, and the running state is 
shown in Fig. 8. Figure 7 shows that each unit slips immediately after it is 
extruded into a linear servomotor. Further, the differences in the feed speeds of 
the linear servomotor that pushes the unit from the bottom at the time of expansion 
and contraction propagation, and the linear motion servo motor that draws from 
above were visually confirmed. This may be attributed to the difference in load 
applied by its own weight. Furthermore, from this difference in feed speed, the 
motor pulling the unit from the above stops first. Therefore, force is applied 
temporarily to the unit in the direction opposite to the climbing direction, and as 
shown in Fig. 7, slip occurs immediately after the extension of the unit. 
 

 
Fig. 6 Example of wall-climbing experiment 
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Fig. 7 Trajectory of the units 

5.   Conclusion

In this study, we developed a traveling-wave-type wall-climbing robot for high-
altitude work such as inspection of an airplane surface. The main conclusions 
obtained from the study are as follows: 
1. A new negative pressure absorption-wall-type mobile robot was proposed. 
2. The frictional force and adsorption force necessary for the robot to traverse 

the surface were calculated. 
3. A running experiment was conducted considering a horizontal surface and a 

vertical wall surface. We confirmed that the robot satisfied the performance 
requirements considered to be necessary for airplane inspection.  

In the future, we will perform a running experiment on a ceiling surface, a curved 
surface, a step within 5 mm, and on a gap. We will devise an inspection method 
suitable for this robot and perform mounting of the inspection equipment. In 
addition, if necessary, we will reconsider the used actuator and improve the 
running speed of the robot. 
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The paper describes kinematic control for hexapod robot with three–segment
articulated body. Forward and inverse kinematics for articulated body de-

scribed. Static stability studied in case of climbing the so–called cliff obstacle.

Conditions for static stability during climbing sequence provided.

Keywords: Multi–legged robot; obstacle climbing; articulated body; simulation.

1. Introduction

Study of walking machines is a rather old question. Starting from Ancient

China mechanical designs1 and ending with state of the art reinforcement

learning2 and model predictive control approaches.3 Multi–legged walking

robots are complicated systems in terms of control and planning due to

significant number of degrees of freedom (d.o.f.) and actuators, complexity

of the environment and etc. Nowadays the most complex and robust walking

machines are made by Boston Dynamics company.4 Its robots are capable

of working in human environment and outdoors. The basis of their approach

is model predictive control and non-linear optimization.

The main subject of article is to find simple approaches for building

control algorithms for multi–legged walking robots with articulated body.

It is clear that robots with flexible body can overcome obstacles that are

more complex.

For that purpose, a hexapod robot with three–segment body was studied

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
© ELSEVIER
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in task of overcoming a cliff obstacle using Coulomb forces with coefficient

of static friction less than 1.

Static stability equations were resolved for robot in different config-

urations with additional assumptions of symmetry. Motion sequence for

climbing on a cliff with static stability preservation was build and verified

in computer simulation.

The designed approach for static stability study can be further used for

other types of obstacles, such as narrow passage, sharp ditch, windrow and

so on. Besides of that, the approach can be applied for different models of

robot’s body without any modifications.

2. Robot Kinematics

Let us consider robot depicted on figure Fig. 1. It has six so-called insec-

tomorphic legs, i.e. insect-like leg kinematics. Each leg has three degrees

of freedom. Body consists of three rigid segments connected with hinges to

each other. Body that consists of several segments connected to each other

with controllable joints and can change its geometry is called articulated.

Fig. 1. Hexapod robot with articulated body.

The total number of degrees of freedom (d.o.f.) for specified robot is 26:

• 3 d.o.f. for each leg, i.e. 18 d.o.f. for all legs;

• 2 d.o.f. for body segments;

• 6 d.o.f. for the whole system as one single body.

Overall it’s 26 d.o.f. and 20 of them can be controlled with actuators in-

stalled in corresponding rotational joints. Leg kinematics is well–known and

was already studied in all details.
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3. Cliff Obstacle

Cliff obstacle consists of three planes two of which are horizontal and one

is vertical as depicted on Fig. 2.

Fig. 2. Cliff obstacle.

The distance between two horizontal planes is equal to H. Robot starts

from the lower horizontal plane and his goal is to climb up the higher

horizontal plane using only the Coulomb friction. To overcome cliff obstacle

robot moves using so-called gallop gait when a pair of symmetrical legs from

left and right sides of the robot are in transition state and the others are

in support state, i.e. in every moment of time there are four legs in contact

with obstacle. Body kinematics will be considered in next section.

4. Body Kinematics

Robot’s body consists of three equal rigid segments connected to each other

with rotational joints with axes aligned in lateral direction of the body.

Each segment has a pair of legs connected. Additional joints with angles δ1
and δ2 in the robots body allow to bend body and follow the surface shape,

shift legs mounting points towards to supporting surface. To find body joint

angles the following procedure is defined.

Initial and goal poses for middle segment are connected with a cubic

spline curve, which represents target trajectory for middle segment. If seg-

ments and their trajectory are known, then the task is solved through simple

linear approximation as depicted on Fig. 3.

To keep the contact points on the goal trajectory all joints should act in

a coordinated way. At every moment of time all joint coordinates must be
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Fig. 3. Body inverse kinematics through simple linear approximation.

updated to keep the end effectors at the goal position. Additional mobility

inside the robots body should be taken into account because all legs are

connected to the different segments. Target point Ri for i-th leg is given

in global reference frame. To obtain leg joint angles the inverse kinematic

equations are used, point Ri must be translated into legs reference frame.

To manage all relative coordinate transformations of shifts and rotations

between body segments, legs and joints, homogeneous coordinates are used.

Calculation of all coordinate transformation for each leg at every moment

of time can be easily done automatically through well-known kinematics of

robot. The main differences between articulated body and single segment

body are:

• Higher ability to overcome obstacles – segments follow the surface;

• Articulated body is able to shift mounting points of its legs – service

region is not a constant, i.e. in some conditions robot can reach contact

surface and put legs on it;

• Center of gravity is shifted in a wider range with all else parameters

being equal – critical parameter in static stability preservation in extreme

conditions.

5. Cliff Climbing Stability

The system is stable when sums of all external forces and all momentums

are equal to zero.


N∑
i=1

Ri + P = 0

N∑
i=1

[ri ×Ri] + [rc ×Rc] = 0

(1)
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The following configurations of supporting legs displacement should be

studied for static stability:

• All legs on some horizontal plane. This case is already well studied;

• Front legs lean against the vertical plane and rear legs stand on the lower

horizontal plane. Let us refer to this configuration as Number One.

• Front legs are placed at the upper horizontal plane, while the rear legs

stand on the vertical plane. Let us refer to this configuration as Number

Two.

• All legs stand on the upper horizontal plane – this case is similar to the

initial one.

Considering the robot as a slow moving system at every moment of time

let us find conditions for static stability. Reference frame Oxyz is defined

as depicted on Fig. 4.

5.1. First Configuration

Fig. 4. First static configuration.

Contact points of the legs for first configuration are as follows:

r1 = (d, 0, h), r2 = (−d, 0, h), r3 = (d, l, 0), r4 = (−d, l, 0). (2)

There is a reaction Ri acting on the robots legs at each contact point:

Ri = Ni · ni + F iτ · τ i + F iν · νi (3)

The τ i and nui vectors have the following coordinates:
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n1 = (0, 1, 0), τ1 = (0, 0, 1), ν1 = (1, 0, 0),

n2 = (0, 1, 0), τ2 = (0, 0, 1), ν2 = (1, 0, 0),

n3 = (0, 0, 1), τ3 = (0, 1, 0), ν3 = (1, 0, 0),

n4 = (0, 0, 1), τ4 = (0, 1, 0), ν4 = (1, 0, 0).

(4)

The center of gravity has coordinates:

rc = (0, yc, zc) (5)

The gravity force P acts on the center of gravity of the robot:

P = (0, 0,−P ) (6)

The equations of static stability for first configuration are as follows:



F 1
ν + F 2

ν + F 3
ν + F 4

ν = 0,

N1 +N2 + F 3
τ + F 4

τ = 0,

F 1
τ + F 2

τ +N3 +N4 = P,

N1h+N2h+ Pyc = l(N3 +N4),

d(F 1
τ +N3) = F 2

τ d+ F 1
ν h+ F 2

ν h+N4d,

d(F 3
τ +N1) = F 4

τ d+N2d+ F 3
ν l + F 4

ν l.

(7)

The total number of equation is six. The number of unknown variables

is twelve. Let us assume that the friction forces are modelled with Coulomb

mathematical model:

F ij = kij ·Ni, where kij is coefficient of friction for i-th leg in j-th direction.

After substitution of the Coulomb friction model, the Eq. (7) will trans-

form into the following system:



N1k
1
ν +N2k

2
ν +N3k

3
ν +N4k

4
ν = 0,

N1 +N2 +N3k
3
τ +N4k

4
τ = 0,

N3 +N4 +N1k
1
τ +N2k

2
τ = P,

N1h+N2h+ Pyc = l(N3 +N4),

d(N3 +N1k
1
τ ) = dN4 + dN2k

2
τ + hN1k

1
ν + hN2k

2
ν ,

d(N1 +N3k
3
τ ) = dN2 + dN4k

4
τ + lN3k

3
ν + lN4k

4
ν

(8)

The number of unknowns variables remains the same, and besides

Ni > 0. Let us introduce additional assumptions that the left and the

right side of the robot are loaded equally and coefficients of friction are the

same between left and right legs:
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k1ν = −k2ν = kν ,

k3ν = −k4ν = kν ,

k1τ = k2τ = kuτ ,

k3τ = k4τ = kdτ ,

N1 = N3 = Nu,

N2 = N4 = Nd.

(9)

The system of three equations and four variables obtained:


Nu +Ndk

d
τ = 0,

2Nd + 2Nuk
u
τ = P,

2hNu + Pyc = 2lNd.

(10)

Number of unknowns is still greater than number of equations. One

more assumption must be introduced:

kuτ = kdτ = kτ > 0 (11)

Finally, the system of three equations and three unknowns is obtained:


Nu = Ndkτ ,

2Nd + 2Nukτ = P,

2hNu + Pyc = 2lNd.

(12)

Let us find unknown reactions Nu, Nd and kτ . From first and second

equations of Eq. (12) follows:

Nu = Ndkτ ,

Nd =
P

2(1 + k2τ )
.

(13)

After substituting Eq. (13) to the third equation of Eq. (12) we have

quadratic equation relative to kτ :

yck
2
τ + hkτ + (yc − l) = 0 (14)

There are two solutions for quadratic Eq. (14), but only one satisfies

condition 0 < kτ < 1:

0 < kτ = −
h−

√
h2 − 4y2c + 4lyc

2yc
< 1 (15)
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5.1.1. Dimensionless parameters

It is easy to see that the Eq. (15) for kτ depends on l,h and yc parameters

that are measured in meters they all have the same physical dimension. Let

us use this circumstance and define the following dimensionless parameters:

p1 :=
h

yc
, p2 :=

l

yc
, where yc 6= 0. (16)

After solving Eq. (15) with substituted Eq. (16), the solution of Eq. (15)

is depicted on Fig. 5.

Fig. 5. Solution of Eq. (15) with labeled contour lines for kτ as a function of (p1, p2).

From Fig. 5 it becomes clear that if there is lack of friction in contact

points the robot should:

• move its center of gravity closer to the rear legs;

• choose contact points higher on the vertical plane for front legs;

• choose contact points closer to vertical plane for rear legs.

5.2. Second Configuration

Leg contact points for the second configuration are:

r1 = (d, l,H), r2 = (−d, l,H)

r3 = (d, 0, h), r4 = (−d, 0, h)
, where l < 0, H > h, yc > l. (17)

Similarly, for the second configuration we get the following system of

three equations:
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Nu −Ndkτ = 0,

2Nu + 2Ndkτ = P,

2Ndh+ Pyc = 2Nu(l +Hkτ )

(18)

There are two possible solutions for kτ , but only one meets requirement

0 < kτ < 1:

0 < kτ =
(H − h)−

√
(H − h)2 − 4y2c + 4lyc

2yc
< 1 (19)

5.2.1. Dimensionless parameters

Let us find solution of inequality 0 < kτ < 1 using the following dimension-

less parameters:

p1 :=
(H − h)

yc
, p2 :=

l

yc
, where yc 6= 0. (20)

The solution of Eq. (19) is depicted on Fig. 6.

Fig. 6. Solution of Eq. (19). Left - yc < 0, right - yc > 0.

From Fig. 6 it can be shown that for case when yc > 0 to reduce the

value of kτ robot should:

• keep its center of gravity far from front legs;

• keep rear legs as low as possible;

• keep front legs closer to cliff edge.
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From Fig. 6 it can be shown that for case when yc < 0 to reduce the

value of kτ robot should:

• keep its center of gravity closer to front legs;

• keep rear legs as low as possible;

• keep front legs closer to cliff edge.

In Eq. (20) we have considered substitution in assumption that yc 6= 0.

Let us see what happens when center of gravity is right above the cliffs edge

in second configuration.

5.2.2. Second configuration. yc equals to zero

If the yc = 0 the equations of static stability Eq. (18) will transform into

the following system:


Nd −Nukτ = 0

2Nu + 2Ndkτ = P

Ndh−Nul = HNukτ

(21)

There is only one solution for kτ , Nu and Nd for Eq. (21):


kτ = − l

H − h
,

Nu =
P (H − h)2

2((H − h)2 + l2)

Nd =
−Pl(H − h)

2((H − h)2 + l2)

(22)

Due to Eq. (17) the Eq. (22) for kτ is always greater than zero. From the

other side, the requirement kτ < 1 is equivalent to the following inequality:

0 < −l < (H − h), where l < 0 (23)

Equation (23) means that to provide stable configuration in case when

yc = 0 the contact points should be chosen in a way, that the front legs

should be closer to cliff edge than the rear legs.

6. Hexapod simulation for cliff climbing

To verify the static stability conditions the computer simulation of artic-

ulated hexapod was made. The ”Universal Mechanism”5 software package
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was used to provide dynamical model of the articulated hexapod robot and

the cliff obstacle. All robot’s legs have so called viscous elastic point contact

models with the cliff obstacle.

Fig. 7. Climbing motion sequence (left-to-right, top-to-bottom).
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The desired robot motion was manually scripted as list of scheduled

commands for leg’s positions and body configuration along with position

and orientation. Robot’s climbing motion sequence during simulation is

depicted on Fig. 7. The resulting time of climbing maneuver in quasi static

regime of motion takes about 50 seconds to climb up the cliff. The ratio

between real and simulation time is approximately equal to 1 on computer

with Core-i7 CPU and GTX950M GPU.

7. Conclusion

The analysis of robot’s configurations in different poses on the cliff proved

that stable quasi static motion is possible for all steps, i.e. the robot is

capable of climbing the cliff with static stability preservation using only

Coulomb friction forces. Articulated three segment body has shown advan-

tages in comparison with similar rigid body in context of extreme obstacle

overcoming. On the other hand, increased passability requires more com-

plex motion planning and control. Conditions for statics stability for all

main climbing configurations obtained.
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MOORING CHAIN CLIMBING ROBOT FOR NDT INSPECTION 
APPLICATIONS 
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Inspection of mooring chains is a dangerous and costly procedure covering inspection 
above and below the waterline. The paper presents initial results from the RIMCAW 
project which was aimed at designing and building an inspection robot able to climb 
mooring chains and deploy NDT technologies for scanning individual links thereby to 
detecting critical defects. The paper focuses on the design and realisation of the inch worm 
type novel crawler developed and tested in the TWI Middlesbrough water tank. 

1. Introduction

1.1.   Background 
With increasing global energy demand, the number of floating oil and gas 
production systems have increased dramatically since the 1990s. It is not possible 
to move most floating oil production systems for inspection or repair. Moreover, 
mooring systems which are used to attach the floating platforms to the seabed 
often experience high tidal waves, storms and other harsh environmental 
conditions. Therefore, ensuring integrity of mooring chains is crucial, because 
single mooring line failure can cost approximately £2-10.5M [1]. There were 21 
accidents due to mooring failures between 2001 and 2011 including 8 multiple 
mooring chain breaking incidents [2]. Mooring chain breakage can cause vessel 
drift, riser rupture, production shutdown and hydrocarbon release. For example, 
“Gryphon Alpha” had to spend $1.8 billion to resume operations after its mooring 
failure [3]. Replacing mooring chains to inspect the original is expensive and there 
is a high probability of causing damage. In view of these issues, the RIMCAW 
project was formulated to develop a mobile crawler robot able to climb on 
mooring chains while in service and be able to perform in-situ inspection in both 
air and water.  

H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, 
Robotics Transforming the Future
© ELSEVIER
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1.2.   Review of mooring chain inspection systems 
Attempts to establish effective climbing robot mechanisms have been made but 
due to the mechanical complexity mooring chains as climbing structures, research 
has not progressed beyond initial experimental stages. The “MoorInspect” 
inchworm climbing robot [4] was huge and weighed 450 kg in air and carried 
NDT equipment to give a total weight of 750 kg. The ICARE platform is another 
heavy climbing robot for subsea cleaning and inspection of anchor lines [5] which 
uses a human-like climbing method with two paws. Such heavy robots are not 
easily deployable in offshore environments, nor do they have sufficient 
manoeuvrable capabilities to climb over the chain links in realistic scenarios when 
there is chain link mis-alignment and catenary curves in the chain structures. 
These robots are deployed manually by using divers and boats. Therefore, it is not 
practically possible to handle heavy large platforms in small boats with divers 
without major lifting equipment.  

A novel automated ultrasonic inspection system to inspect mooring chains during 
the manufacturing process [6] where the welded joints on chain links are inspected 
during manufacture. The main aim of the project “ChainTest” was to develop a 
system which can be operated without bringing the chain on board [7]. A 
mechanism was developed but during final tests, the robot was unable to perform 
the inspected as designed. 

1.3.   Design requirements 
Mooring chains are often subjected to high environmental changes due to tidal 
waves, wind, etc. Therefore, it is required to design an automated/robotic system 
that can tolerate real-world in situ conditions. The mooring chain link structures 
are curved and mostly rusted with uneven surfaces, so the inspection system 
should be able to handle the physical nature of mooring chains. Following detailed 
analysis, it was concluded that a compact climbing robot able to work in subsea 
environments needed to be developed for the solution to have any commercial 
viability. Furthermore, it was clear that the robot must be able to handle climbing 
on a range of chain scenarios and sizes as shown in Figure 1. 



341 

a. Taut-leg scenario in deep water b. Catenary chains in shallow water c. Mooring chains range 
Figure 1 - Mooring chain scenarios and range of sizes 

The robot should be easily deployed and retrieved. Therefore, it is necessary to 

make the system lightweight while still able to carry a payload of ≈12kg.  The 
adhesion mechanism for vertical climbing should be sufficient to keep the robot 
attached to the chain during motion.  Moreover, due to the amphibious nature of 
mooring chains, the developed robot must be marinized to operate in real-world 
normal and abnormal conditions.  

2. Design methodology

2.1.   Deployment plan 

Methods to deploy the robot were studied in detail to identify all procedural 
requirements as testing of the developed platform was planned to take place in a 
7m deep test tank at TWI Middlesbrough with a 10-link chain suspended from an 
overhead gantry system into the water. The dimensions of the chain are outlined 
in the Figure 2. 

a. CAD model of test mooring chain with dimensions b. Picture of the testing chain 
Figure 2 – Details of test sample mooring chain 

It was important that the prototype RIMCAW system realised was able to satisfy 
all the testing requirements planned and of a real deployment scenario as 
presented in Figure 3. 

a. Real-world subsea RIMCAW scenario b. Tank facility testing scenario at TWI 
Figure 3 - Deployment RIMCAW scenarios 
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2.2.   Concept design and analysis 

Five different design concepts were developed, as presented in 4 with different 
locomotion and adhesion/gripping mechanism configurations being explored 
from which different crawler ideas emerged. Each design was analysed and 
investigated with respect to the outlined crawler criteria and the associated 
engineering challenges. The final design, Figure 5e, concept was selected after a 
detailed Delphi study involving the full technical team revealing that it was best 
suited to meet all the technical, fiscal and time requirements. 

a) Concept 1 b) Concept 2 c) Concept 3 d) Concept 4 e) Concept 5 
Figure 4 – RIMCAW concept designs developed and investigated 

3. RIMCAW robotic platform

3.1.   Mechanical design 

The final RIMCAW robot design and actual robot is shown in Figure 5; this was 
based on a standard Stewart platform, comprising six prismatic actuators attached 
in pairs to three positions on the platform’s baseplate, crossing over to three 
mounting points on the top plate. This design allows the robot to control the pitch, 
roll and yaw of the top and bottom baseplates. This controllability of the 
platform’s crawling orientation is crucial as it needs the robot to traverse the 
various catenary curves of mooring chains likely to be found in real scenarios. In 
addition, this configuration allows the robot to contract and expand allowing it to 
crawl by inch worming along the chain links. The method of positioning and 
securing the robot onto the mooring chain structure had been extensively studied 
and a latch/ hinge system was incorporated into the design to allow simple 
opening of the simplify the deployment process for end user. 

a) Final detailed CAD model b) Actual RIMCAW robot c) Command station and umbilical 
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Figure 5 - Detailed Mechanical Design 

3.2.   Electrical design 

For testing and trials, a custom designed command and control box was required 
to supply power to the RIMCAW robot as shown in Figure 6. After researching 
British Standards for safe operating electrical power supplies in a submerged 
water environment, it was found that the 30V DC was the permissible SELV 
(Safety Extra Low Voltage) for ‘Swimming Pools and Basins’ outlined in BS EN 
7671:2008, Regulation 702.410.3.4.1.  Four IP68 enclosures with dimensions 
260x160x120 mm were used to house all electronics. To minimise cables and 
entries, the electronics were divided into sub-sections of the electrical system. Box 
1 housed the electronics required for the Stewart platform, Box 2 housed the 
electronics required for the gripping function, Box 3 housed the power electronics, 
and Box 4 housed the communications systems.  

3.3.   Software design 

The control of the low-level systems (actuators and sensors) was accomplished 
via local specialised controllers. The mid-level systems (Raspberry Pi and 
Arduinos) were used to coordinate the control functions specified by the top-level 
interface. The top-level system (GUI) provides operators with a simple means of 
controlling the chain crawling functionality using visual feedback from the 
onboard cameras. 

As development progressed, the software architecture evolved, and the messaging 
protocol and variable details were finalised. The robot’s roll, pitch, yaw, crawling 
motion, upper and lower grippers and gripper rotation could all be controlled via 
one message sent from either the keyboard, joystick or GUI interfacing devices. 
A ROS switch node was developed to provide an easy means of switching 
between the different forms of top level control.  

Figure 6 - ROS node/ topic network 

Figure 6 shows the ROS node and topic communication structure with keyboard 
control outlined. The kinematics of the Stewart platform is a well-documented 
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problem and used to control the 6 actuators as required. In robotics, singularities 
can pose serious problems to the overall operation and hence proximity to such 
singularity points needs to be monitored and avoided. To mitigate this issue, 
precautions had to be built into the control system where the inverse kinematics 
node, motions and orientations were restricted. The desired roll, pitch and yaw 
angles were limited to ±10° range and the x, y positions were locked to zero, 
allowing only movement in the z axis for performing the climbing function. For 
the chain climbing function, movement outside this constraint is not felt to be 
necessary at the initial stages. If the inverse kinematic solver derived any 
extension outside of its defined boundaries, the move request would be ignored, 
and the previous orientation would not change. 

4. Experimental testing

4.1.   Procedure 

A structured approach was formulated to perform testing and demonstration of 
the realised RIMCAW climbing robot. Three tests were planned to verify the 
integrity of key aspects of the design; if there was failure of one, the remaining 
tests could not proceed. These tests are as follows: 

• Test 1 to assess the neutral buoyancy. This was performed by slowly
winching the robot into the tank and verifying that the weight of the 
platform was cancelled out in water via the attached floatation foam 

• Test 2 was to assess the water ingress integrity of the robot; after
complete submersion of the platform, all the electronic components and 
devices had to be confirmed to be fully functioning, and  

• Test 3 was to assess the functionality of the mobile robot, verifying the
crawler’s ability to climb the test chain. 

The command station was set up next to the test tank at TWI Middlesbrough and 
a split screen display was set up to view the video from Figure 7. Compressed air 
was connected to the enclosures via a regulator, set to 0.3 Bar. Using winch straps 
connected to the eyebolts of the platform, the TWI staff picked up and slowly 
lowered the platform into the tank.  
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a. Command station b. Testing and preparation area 
Figure 7 - Testing area and command station deployed at TWI Middlesbrough 

4.2.   Test 1 – Neutral buoyancy 

For this test the robot was slowly submerged using a gantry system over the tank. 
The operators of the gantry were instructed not to provide too much slack or move 
the robot too quickly. At a certain point during the lowering process, the winch 
straps became slack as the buoyancy was confirmed. The buoyancy was able to 
counteract the weight of the robot. However, it was noted that part of the platform 
remained slightly above the water line, indicating that the robot had positive 
buoyancy. This was deemed to be acceptable as the buoyancy could be adjusted 
during the testing process if it was found to affect the climbing functionality. 

4.3.   Test 2 – Water ingress integrity 

The robot was submerged for ≈15 minutes, to allow for all trapped air bubbles to 
escape. Air leaks are indicated by a visible streams of air bubbles, which were 
then searched for. The seals on all the enclosure lids were found to be satisfactory. 
Minor leaks were found to be coming from the cable glands on the gripper control 
box indicating it was not tightened properly. Proceeding with Test 2 was deemed 
to be satisfactory provided that compressed air was connected to maintain the 
positive pressure in the enclosures for maintaining water ingress integrity. While 
still in the water, the functionality of sensors and actuators was checked. The 
Stewart platform and manipulators were moved and were verified to be 
functioning correctly. 

4.4.   Test 3 – Chain climbing functionality 

The mooring chain was introduced into the tank before the robot was lowered next 
to it. Two overhead gantry systems could not bring their end effectors together, 
requiring the platform to be lowered into the tank, with sufficient slack on the 
winch to allow the diver to move the robot onto the mooring the chain, Figure 8. 
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Step 1: Robot raised off ground for moving to 
water tank 

Step 2: Robot lowered 
into water tank 

Step 3: Robot moved 
onto chain by diver 

Figure 8 - Deployment of RIMCAW robot prototype platform 

This was executed without any problems, the one diver was able to successfully 
manoeuvre the robot around the chain, close it and lock the latches, Figure 9. 
However, when it came to grasping the mooring chain, the grippers could not 
reach the chain. This was found to be an electrical limitation preventing the 
actuators from achieving full extension. 

a) Submerged robot b) Diver opening latch c) Robot placed onto chain 
Figure 9 - On-board camera view of the attachment to the mooring chain 

5. Conclusions

There were several technical challenges and problems that were experienced 
during the design and testing phases. Minor software and electronic problems, 
prevented completion of the final functionality tests. Although NDT inspection 
testing of mooring chains was not completed, the developed RIMCAW robot met 
the initial design specifications for mobility and is able to operate underwater on 
mooring chains as required. The robot is being considered for further 
improvement to meet different underwater inspections applications. The aim is to 
make improvements to facilitate developments and testing so that commercially 
viable means of inspecting underwater assets is possible.  
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MAGNETO STATIC ANALYSIS OF ADHESION FORCE FOR 
THE WALL CLIMBING ROBOT 

                 
SHYAMAL C. MONDAL and ZOLJARGAL FALLOWS 

London South Bank University 
School of Engineering 

Mechanical and Design 
103 Borough Road, London SE1 0AA 

This paper describes the analysis and results of the magneto static adhesion force which 
required for the climbing robot to climb the high walls when additional loads are need to 
be carried such as scanning devices for the non-destructive testing inspection of nuclear 
plants or high rise wind towers. Magneto-static simulations and experiments have been 
carried out for the investigation of the parameters of magnetic adhesion system and the 
static analysis of a climbing robot is performed with regard to anti-slipping forces and anti-
overturning moments. The results from both simulations and experiments show that the 
adhesion mechanism with just two N52 magnets has enough adhesion capacity to carry a 
payload exceeding 300N.  The prototype wheeled locomotion robot is built and magnetic 
adhesion mechanism has been mounted on the belly of a robot. The simulation and 
experimental results are compared. The experiment has been carried out in the robotic 
laboratory on the vertical surface and the result from the prototype show that the adhesion 
mechanism provides enough adhesion force for the prototype designed robot.  

1. Introduction   

A Permanent magnetic contact or non-contact with the surface system design for 
wall climbing robot is common. Basically, the robot consists of framework, two 
servo motors and tracked wheels.  Each track has two sprockets, roller chain and 
evenly spaced permanent magnetic units. Two independent motors are used to 
drive the tracks on each side of the robot allowing it have good manoeuvrability 
and rotate about its own axis. Furthermore, when the robot in motion there are 
always set number of magnetic units in contact with the surface resulting in more 
reliable attachment to surface. The magnetic wheel mechanism can move on 
vertical surface and good turning capability. However, the adsorption area is 
limited and there is a fixed air-gap, thus the energy ratio limited to minimal [1, 4, 
6].    
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Symmetrically centralised magnetic wheel unit for wall climbing robots have 
been proposed by Kang Liu and the others. The unit consists of wheel, permanent 
magnetic blocks and connecting parts. The unit has a fixed number of permanent 
magnets symmetrically arranged around the wheel and there is always a certain 
air-gap between the magnet blocks and the surface. The characteristics of the 
design provides stable adsorption for between the magnetic blocks and the surface 
with different curvature radius. The tracked type mechanism has large adsorption 
area and great adhesion force due to the small gap between the track magnets and 
the ferromagnetic surface when active. Even though, it can rotate about its axel; 
it is not really flexible as the wheeled type thus making it harder to turn [2  5]. 

Minghui Wu and the others have proposed a non-contact adjustable 
permanent magnetic adhesion mechanism for a wall climbing welding robot [3 
6]. The magnets are mounted under the mobile a platform and there is an air-gap 
between the permanent magnets and the ferromagnetic surface.  The layout of the 
magnets offer enough adsorption area to generate enough adhesion force for the 
robot to carry heavy payload and pass obstacles. The non-contact adjustable 
permanent magnetic adhesion mechanism can overcome these disadvantages by 
utilising a large absorption area with certain air-gap and lifting mechanism for 
passing obstacles.    

For turbine inspection robot, the obstacles does not have to be considered but 
a large adsorption area and high adhesion force is essential as it is required to 
carry heavy payload. Thus, the non-contact adjustable permanent magnetic 
adhesion mechanism has most compatible system principle for the robot. 
However, the weight of this design is the main concern; mainly due to its lifting 
mechanism. In conclusion, embedded magnetic adhesion mechanism can be 
implemented for in this project and subsequent simulations or experiments can be 
carried out in order to investigate the permanent magnetic adhesion force. 
Furthermore, lifting mechanism is not needed as there is no obstacle for the robot 
to tackle.  

This paper investigates an analysis of forces and moments required in order 
to achieve the minimal sliding force and overturning moment that oppose 
adhesion forces when a robot is attached to a vertical surface.  

2. Static analysis of a climbing robot  

When the robot stays static on a vertical surface, the forces acting on it are 
gravitational force, the adhesion force generated by the permanent magnetic unit, 
the supporting force of the surface and the frictional force between the drive 
member and the surface it moves on, which are denoted as ܨ ,ܩ, ܰ  and ܨ, 
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respectively. The adhesion force is the most critical part for the climbing robot as 
it keeps the robot attached to the surface.  

2.1. Sliding and Slipping analysis of a climbing robot 

For a climbing robot, it is ideal to avoid sliding and slipping during transition or 
moving on an inclined surfaces.  To understand the forces, we must consider the 
static forces that acting on a robot, where a robot is resting on a inclined surface 
with angle, ߠ, as shown in Fig.1.  

This allows us to determine the minimum adhesion force for a robot to keep 
stay static on a vertical surface without slipping or slipping. Furthermore, by 
tapering the angle of the wall, the friction force will have bigger impact, thus the 
adhesion force it needs to keep stay on the surfaces reduced proportionally to the 
angle.  
 

 

 
Figure 1. Robot on inclined surface. 

 
 
For a robot stay under the condition of static equilibrium, it must obey: 
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In the case of the robot to climb on a pure vertical surface where the angle, 

θ ൌ 90, the magnetic adhesion force becomes:     ۴ܕ 
ܕ

ૄ
      

The calculations suggest that the minimum magnetic adhesion force that 
needed to avoid slipping must be greater than  mg/μ . The Fig.2 states that the 
performance of the robot can be improved by decreasing the weight of the robot 
or increasing the friction coefficient between the drive member mechanism and 
the surface it moves on. Furthermore, high friction is desirable for a wheeled 
climbing robot as the motion can only be provided from friction. However, the 
friction coefficient might change depending on the environment and aerodynamic 
resistance, where weather condition has major impact on the performance of the 
robot  
                     

 
       

 
 
 

2.2.  Overturning analysis of a climbing robot 

Avoidance of overturning is a very subject for climbing robot, which subsequently 
keeps it attached to a vertical surface during operation. The sum of the moments 
at centre point G is M, RG – reaction force. At equilibrium, it obeys: 
 

     ΣMୋ ൌ 0    ;    mg ൈ d 
ୖృ
ଶ
ൈ L ൌ 0    and   Rୋ ൌ െ

ଶ୫ୢ


 

 
For a wheeled climbing robot, magnetic adhesion force is shared equally 

among the wheels. Thus, magnetic adhesion force can be considered:    F୫ ൌ
ୖృ
ସ

      

or      4F୫ ൌ Rୋ 
 

For the robot to avoid overturning, the magnetic adhesion force must satisfy 

following equation:   ۴ܕ 
܌ܕ

ۺ
                                                      

 

Figure 2. Minimum adhesion at different friction 
coefficient, μ.  
 

Figure 3. Effect of d/L on Adhesion force. 
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The calculations state that by decreasing the ratio d/L, (where L- distance 
between front and rear wheel, d – the distance between the surface and centre of 
gravity line) the overturning of the robot can be avoided. Which means that the 
centre of the gravity of robot should be as close as possible to the surface and the 
distance between the front and rear wheels, where taking L large as possible. 
However, this this increase the overall weight of the robot, subsequently the 
adhesion force that needed to avoid overturning also increases, therefore it should 
be optimised.  

In conclusion, the following criteria determines the minimum magnetic 
adhesion for a robot to stay statically equilibrium on a vertical, without slipping 

and overturning:       ۴ܕ  ቄ
ܕ

ૄ
;	
܌ܕ

ۺ
ቅ                                               

The calculated results from the static analysis determine that overturning can 
be avoided as long as slipping of the robot overcome with sufficient friction and 
adhesion force. Moreover, the friction force generated should be greater than the 
robot weight in order to any slippage, thus a higher friction coefficient will 
improve the stability of the robot.      

3. Magneto-static simulation  

Permanent magnetic adhesion system mainly depends upon the magnetic field 
distribution and the structural size of the device, which has been optimized 
through the Finite Element Analysis (FEA). For the simulation, rear earth 
Neodymium magnet (N52) is used. The characteristics of the magnet used for the 
simulation is shown in Table 1. 

3.1. Distance between magnets on Adhesion Force  

When two magnets set on a yoke, the distance between magnets has effect on the 
magnetic flux density which would affect the total force. For this simulation, two 
pieces N52 magnets with 10mm thickness, 25mm length and 50mm width, are 
placed on iron bar (flat) with 10mm thickness, and steel plate with 5mm thickness. 
The air-gap between the magnets and the steel plate is kept constant at 5mm for 
this simulation. By varying the distance between the magnets, magnetic field and 
flux density were observed.  
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Simulation results states that the magnetic flux density in the steel plate 
increases with the distance between magnets but it starts to decrease significantly 
after the distance between the magnets gets bigger than 60 to 80mm. The hotspot 
shows that when the distance between the magnets is kept at 200mm, the magnetic 
flux concentration become much less, compared to 60mm, which means that  the 
flux lines take  much longer to reach one magnet to other (north to south), as 
shown in Fig.4.  

3.2. Thickness of Yoke on Adhesion force  

Previuos simulations for distance between magnerts show that the most optimum 
distance between the magnets is 60mm for 10mm thick yoke. To observe the 
effect of the thickness of the yoke on adhesion force, other parameter kept same 
as first simulation. The magnetic flux concentration increases with thickness of 
yoke as well as the magnetic flux leackages is been reduced respectively, as 
shown in fig.6. Therefore, increase in thickness of yoke induces higher adhesion 
force. However, the magnetic flux concentration in steel plate is significcally 
resduced and the adhesion force starts to fall when yoke thickness bigger than 
25mm, as shown in Fig.7. Furtheremore, By varying the thickness of the yoke 
shows that the maximum adhesion force is induced when thickness of yoke 
between 10 to 25mm. However, thicker yoke is not ideal for a climbing robot as 
it adhesion force to wieght ratio would decrease significantly, which is not 
diserable. Therefore, most optimum yoke thickness is most likely 10mm.  
 

Figure 4. Magnetic flux density at distance of 
30mm, 60mm, 80mm and 200mm between two 
magnets. 

Figure 6. Magnetic field and flux density 
with yoke thickness of 5mm, 10mm and 
25mm.  
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Figure 7. Yoke thickness on adhesion 
 Force.      

	

3.3. Air-gap on Adhesion force  

To understand the effect of air-gap between the member of magnets and the 
surface of steel plate on the adhesion, the simulations were carried out 
accordingly.  

Fig.8 states that the adhesion force falls exponentially with increase in air-
gap, so in order to get high adhesion force air-gap has to small as possible. Even 
though, a small air-gap is desirable, the design criteria limits air-gap for climbing 
robot. Moreover, the magnetic flux concentrations in steel plate are almost 
identical when air-gap is at 2 to 5mm, for both cases. The optimum air-gap for the 
project is at 2mm, where magnetic flux leakage slightly more than 3mm air-gap 
and with similar magnetic flux concentration.  

Furthermore, the comparison of two different distances between the magnets 
are shown in Fig.8. The yellow bar represents the adhesion forces for 30mm and 
the blue bar is for 60mm. When air-gap gets smaller than 8mm, adhesion force 
for d=30mm is slightly higher than d=60mm and slightly less when the air-gap 
gets bigger than 8mm. However, the behaviour of the both curves are almost 
identical. On the other hand, weight to adhesion force ratio of 60mm is smaller 
than 30mm, which is due to the increase in yoke size for bigger d.  

This results are supported by the experiment. As expected, the Fig. 10 states 
the adhesion force drops exponentially with increase in air gap. However, 
adhesion force drops significantly at 2 to 8mm of air-gap. On the other hand, the 
rate of drop in adhesion force much smaller at 8 to 10mm. This is mainly due to 
the magnetic flux concentration in the steel plate is reduced significantly for 
which flux leakage much greater at this point.  

4. Magneto-static experimental setup 

The experiment was carried out to validate the simulation results. In this 
experiment, two weighing scales are used to measure the adhesion force that 
generated from the magnets at different parameters. In this experiment, only 2 

Figure 8. Air-gap between member of magnets 
and surface of steel plate on Adhesion Force. 
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different magnet arrangements are explored. The picture shown in Fig.9 was taken 
during the experiment, to demonstrate the experiment approach. 
 

 
 

 

Figure 9. Experimental set-up.                         Figure 10. Effect of air-gap on adhesion force.  

4.1. Prototype design and implementation 

The prototype robot was designed based on the simulations results and 
calculations that has been carried out. The hardware of the robot consists of two 
different types of parts, electronic and mechanical. The mechanical components 
are consists of four 65mm rubber wheels, upper and lower platforms, four DC 
motors and magnetic adhesion device. Upper platform is implemented to 
accommodate the electronic components, which offset from the lower platform 
by 30mm, in order to protect the electronic components from magnetic flux 
leakages from which induced from the magnetic adhesion device. Moreover, the 
upper and lower platforms are made out of 6mm and 3mm acrylic, respectively in 
order to minimise the weight of the robot.  

Four wheel drive is implemented for better friction force from the wheels. 
Rubber wheels with diameter of 65mm is chosen for the prototype to increase the 
traction between the drive member and the surface which it climbs. DC motors 
has torque of 0.49Nm at maximum rotational speed of 37rpm. Total weight of the 
prototype is 1.54kg (15.1N).  Static analysis suggests that the overturning and 
slipping can be avoided as long as the adhesion force is sufficient enough to keep 
the prototype attached to a wall. According to the experimental results, the air-
gap between the adhesion mechanism and ferromagnetic surface must be less than 
15mm, in order to provide keep the prototype robot attached to a vertical wall. On 
the other hand, the simulation analysis showing that the air-gap can be increased 
to as high as 20mm. However, when the robot attached to a wall, the payload 
increases significantly due to the adhesion force.  
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For testing the climbing capability of the prototype robot, it was carried out 
on a vertical steel wall in robotic lab as shown in Fig. 11 (a & b). The robot was 
placed on a vertical surface with 10mm of air-gap to check its adhesive force. 
According to the experiment results, it is assumed to be the minimum air-gap the 
motors could operate at although the simulation results suggested a slightly bigger 
air-gap in order to move the robot on the vertical surface. Furthermore, the torque 
required from each wheel has to be bigger than 1.72Nm at 10mm air-gap for 
simulations, however it is much bigger than the maximum torque of the chosen 
motor.  

Results showed, adhesive force was sufficient enough to keep the robot 
attached to the wall and produced a good friction at 10mm air-gap. However, the 
robot was unable to climb up the wall when an additional 5N payload was added 
and started to make whizzing noise, which meant that the chosen motors were 
incapable of carrying that payload and any further increase in speed beyond 60 
percent was too risky as it could cause permanent damage to the motors due high 
current from the power supplier. On the other hand, moving down and stopping 
was demonstrated by the robot with no difficulty. Thus, the correlation between 
the technical results and practical work show that the main issue was mostly with 
chosen motor.       

   
 
Figure 11. Prototype climbing robot: (a) Testing on the vertical surface; (b) Testing with the 
hardware.  

5. Conclusion  

A prototype wall climbing robot with magnetic adhesion mechanism is 
constructed to demonstrate the theory and analysed results for a wall vertical 
surface.  Based on the investigation carried out on the working environment, a 
permanent magnetic adhesion mechanism was used for this application. However, 
there was one main issue with the robot as the torque required for the robot to 
climb is much higher than anticipated, for which higher torque motors were 
needed.  On the hand, the robot seems have no difficulty of scaling down and 
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stopping; thus, the overall performance of the robot was achieved and was able to 
induce enough adhesive force at 10mm air-gap.   

The experimental results states that the adhesion mechanism has a maximum 
payload capacity of 75N at 10mm air-gap. Furthermore, both simulation and 
experiment results show that adhesion force can be increased by introducing more 
magnets into the adhesion mechanism, which subsequently will increase the 
absorption area. In terms of magnetic adhesion, further research has been carried 
out in order to investigate the magnetic flux density in the steel plate with different 
thicknesses and carbon contents, and observed its effects on adhesion force. In 
extension, static and dynamic analysis of a climbing robot will need to be 
investigated further with respect to its change in orientation of the centre of mass, 
as well as real life testing.  

There are some improvements that has to be made in order to transform the 
robot to real industrial use. A differential drive can be implement by introducing 
a tracked locomotion to the robot for better manoeuvrability and traction and an 
embedded pressure sensor can be implemented into the electrical system in order 
to monitor the payload during real life operation, which is essential as the payload 
increases greatly due to aerodynamic resistance.   
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The authors have developed a small excavation robot called the “LEAVO” for lunar 
exploration, and they have confirmed its usefulness as an excavation robot. They then 
attempted to add a curved excavation function in order for the LEAVO to increase its 
exploration field. To achieve this goal, it was necessary for the LEAVO’s excavation unit 
to transmit the motor output torque to the excavation head without any losses. In this 
paper, therefore, the authors proposed a new driving system called the “distributed 
driving system,” which reduced the transmission losses by distributing the actuators and 
arranging them in the frontal part of the robot. Moreover, the authors developed the 
prototype of this system and measured its output torque as an operational check. 

1.   Introduction 

In recent years, many lunar explorations have been initiated. However, there has 
not been enough exploration of the underground of the moon. An analysis of the 
components and internal construction of the underground is needed to 
understand the origin of the planets. Therefore, the Japan Exploration Agency 
(JAXA) is considering lunar exploration missions that collect environmental 
data from buried sensors and analyze some underground regolith samples.1 For 
these planetary underground exploration missions, considering the 
transportation costs and safety issues, small excavation robots will be required. 

Some small excavation robots have already been developed. For example, a 
mole-type robot was developed by Watanabe et al.2, and a screw-type buried 
robot was developed by Nagaoka et al.3 However, those robots are unsuitable 
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for practical use because they are susceptible to earth pressure and have 
difficulty discharging soil. 

Therefore, in this research, the authors focused on the peristaltic crawling 
motion of an earthworm, which is not susceptible to earth pressure, and they 
developed a small excavation robot called the “LEAVO.”4 The LEAVO 
achieved a vertical excavation depth of 938 mm. In that test, there was no 
decrease in the robot’s excavation speed, and it was confirmed that the LEAVO 
was not susceptible to earth pressure. Therefore, the LEAVO proved its 
usefulness as a small excavation robot.5 However, the LEAVO could only 
excavate a straight direction at that time, and there was a limit to its exploration 
range. To increase the exploration range and improve the LEAVO’s usefulness, 
it was necessary to add a curved excavation function. To achieve this function, 
it was necessary to transmit the motor power to the excavation heads efficiently. 
Therefore, in this paper, the authors propose a new driving system called the 
“distributed driving system” with distributed actuators, which can be set in the 
frontal part of the LEAVO. Moreover, the authors developed the distributed 
driving system and measured its maximum output torque as an operational 
check. 

2.   Concept of the “LEAVO” Planetary Excavation Robot 

Figure 1 provides an overview of the LEAVO. As the figure shows, the LEAVO 
contains three basic units: propulsion, excavating, and discharging. The 
propulsion unit consists of a further three propulsion subunits. A propulsion 
subunit produces a peristaltic crawling motion by making itself expand and 
extend, which propels it in the hole and supports the reaction force during 
excavation. The excavation unit consists of an “earth auger,” which is an 
excavation instrument, and a “casing pipe,” which covers the earth auger. The 
earth auger not only excavates the soil in front of the LEAVO but also 
transports it to the back of the LEAVO. This is accomplished by screws at the 
back of the excavation head. The discharging unit clears the soil out of the 
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Figure 1. Overview of the LEAVO. 
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borehole. 

3.   Curving excavation for spread of exploration ranges 

The usefulness of the LEAVO as a practicable excavation robot was confirmed 
in the excavation test. However, the LEAVO could excavate only in a linear 
direction and was limited in its exploration range. Therefore, the authors 
proposed to add a curved excavation function to the LEAVO. In this section, the 
authors describe the concept of curved excavation and bendable excavation 
instruments called the “flexible auger” and “both-ends-supported flexible auger”, 
which the author developed to achieve curved excavation. 

3.1.    Overview of curved excavation 

Figure 2 shows the concept of curved excavation. As the figure indicates, for 
this excavation method, authors decided to use the LEAVO Mk.5, which had 
bendable joint units between its propulsion subunits. In this excavation method: 
1) the LEAVO excavates vertically to a certain depth; 2) the front bendable joint 
unit bends to change the excavation direction; 3) the excavation continues, and 
the propulsion maintains this posture. Using this excavation method, the 
LEAVO Mk.5 could excavate in a curved path. 

3.2.   Flexible auger and both-ends-supported earth auger 

Figure 3 shows an overview of the flexible auger. This excavation instrument 
can bend passively because it has two universal joints between its earth auger 
parts. The flexible auger excavated a curved borehole in the excavation test 
owing to its curved casing pipe. However, it was supported only at its back end, 
and the axis of rotation of the excavation head was unstable. 

Figure 4 shows an overview of the both-ends-supported flexible auger, 
which was developed to address the problems of the flexible auger. As this 

Bending unit

Vertical line

Bend the 
bending unit

Traveling 
direction

Figure 2. Overview of curved excavation. 
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figure indicates, the both-ends-supported flexible auger has its rotation 
supported by a disk on its frontal part, which makes its axis of rotation stable. 

However, both the flexible auger and both-ends-supported flexible auger 
had some parts that inhibited the power transmissions between the motor and 
excavation head (e.g., universal joints and disk). Therefore, the authors 
proposed the “distributed driving system,” which can be set on frontal part of 
the LEAVO, made its prototype, and measured its maximum output torque.  

4.   Distributed Driving System 

In this section, the authors describe the distributed driving system. 

4.1.   Concept of the Distributed driving system 

Figure 5 shows the concept of the distributed driving system. As this figure 
indicates, in this system, a hollow gear was installed on the disk of the both-
ends-supported flexible auger. It is driven by small pinions, which are arranged 
around the disk. This system allows the motors to be set on or near the 
excavation head and can efficiently convert the motors’ power to excavation 
torque. Moreover, with this system, the flexible auger is driven by several 
motors, which decreases the load on an individual motor. This is expected to 
easily allow the driving system to be made smaller. 

Rotation supporting point

Motor Disk part

Universal joint

Rotation supporting point

Figure 3. Flexible auger. Figure 4. Both-ends-supported flexible auger. 

Gear 

Distributed driving system 

Motor Rotation 
supporting point

Figure 5. Concept of the distributed driving system.
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4.2.   Design of the distributed driving system 

Figure 6 shows an overview of the prototype of the distributed driving system, 
and Table 1 shows its theoretical specifications. In this system, four geared 
motors (reduction ratio = 172:1, Pololu Co.) are used. The reduction ratio of the 
overall system was determined by considering the excavation torque and speed 
of the LEAVO. The rotational speed was about 5 rpm at an idling state, and the 
stall torque was about 27.5 Nm. 

Moreover, a hollow-shaft gear was added to the construction of the disk to 
bear the burden of the excavation. Therefore, the disk was supported in its 
rotation by a radial bearing to accurately maintain the distance between the gear 
axes. 
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Figure 6. Prototype of the distributed driving system.
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Subject Value Condition 

Output torque [N m] 27.5 Stall torque 

Revolution per minutes [r/m] 5 Free run 

 

4.3.   Design of Dustproofing for the Distributed Driving System 

In the distributed driving system, soil easily invaded the system. This led to the 
flexible auger becoming inoperable because of clogged gears. Therefore, 
dustproofing was necessary. Figure 7 shows the design of the dustproofing 
system. As this figure indicates, two O-rings are arranged on the circumference 
of a disk. Because of this arrangement, the O-rings are not excessively deformed 
by the pushing force of the excavation. Moreover, although the O-rings have a 
high coefficient of friction, this arrangement can keep any increase of the 
driving torque to a minimum. 

5.   Maximum Output Torque Check of the Distributed Driving-Type 
Excavation Unit 

In this section, as the distributed driving system’s operational check, the 
maximum output torque was measured. 

5.1.   Power check method 

Figure 8 shows the prototype of the distributed driving system, and Fig. 9 shows 
the environment of the operational check. As Fig. 9 indicates, in this check, a 
pulley (diameter =  160 mm) was attached to the output shaft. Also, a wire was 

Table 1. Specifications of the prototype of the distributed driving system 

O-ring

Soil 
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dust

Figure 7. Overview of dustproofing system.
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connected to the pulley. This wire’s maximum string force in the driving 
state was measured by a force gauge, and the maximum output torque calculated 
from this value. Also, the maximum output torque was taken from the average 
of five measurements. 

5.2.   Result of the power check 

Table 2 shows the maximum output torque and the LEAVO’s maximum 
excavation torque (this value is referenced from a previous study). From this 
result, the maximum output torque was sufficiently larger than the LEAVO’s 
maximum excavation torque, and the excavation capacity of the distributed 
driving system was confirmed. The reason the maximum output torque was 
smaller than its designed value was assumed to be the friction force occurred in 
the dustproofing part. 

Distributed driving system’s output torque [N m] 18.1 

Excavation torque [N m] 13 

 140 mm
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Figure 8. Appearance of the distributed driving system prototype.

Figure 9. Overview of the power check experiment. 

Table 2. Results of the experiment 
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6.   Conclusion 

In this paper, a distributed driving system was proposed to efficiently transmit 
the motor power. Moreover, a prototype of the distributed driving system was 
developed, and its excavation capacity was confirmed by an operational check. 

In future works, the authors will look at the excavation efficiency by 
performing a test on the excavation unit with the distributed driving system. 
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In this paper, we developed a propulsion unit with bristles imitating the setae of 
earthworm. This propulsion unit is installed in SEAVO: sub-seafloor excavation robot. 
To realize underwater excavation by SEAVO, it is necessary to move the soft and fluid 
sedimentary layer of seafloor surface. As a solution, we focused on the setae of 
earthworm which live in mud and soft soil. Then, we developed the propulsion unit with 
bristles imitating the earthworm's setae and measured the performance of the bristles-
attached propulsion unit. Comparing the measurement result of the bristles-attached 
propulsion unit with the previous propulsion unit, we confirmed the usefulness of the 
bristles-attached propulsion unit. 
 
Keywords: Excavation robot, earth auger, Seabed exploration 

1.   Introduction 

The ocean occupies about 70 % of the earth's surface area. Recent studies have 
confirmed the existence of various mineral resources on this vast seabed.1 To 
elucidate the reserves and generation process of these resources, it is necessary 
to explore the detail of seabed in a wide area. One of the seabed exploration has 
sampling.2 In the current exploration, descending equipment such as drill string 
from the research vessel to collect soil at the seabed.3 However, as the water 
depth gets deeper, exploration equipment and vessels become larger the size and 
increase the operation cost. In addition, since the area of these exploration is 
limited to one spot, it is not suitable for investigation of wide area. This problem 
can be improved by the cost reduction and the high efficiency exploration. 
Therefore, we will develop the robot that explore freely under seabed. Then, we 
realize low-cost and highly effective exploration by multiple robots. 
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In the previous research, we developed a flexible earth auger and 
propulsion unit for bending excavation.4-5 We have developed the robot 
"SEAVO" which can be excavated and bent and confirmed its usefulness in 
some experiments.6 

As the next stage of research, we propose excavation experiment underwater 
by SEAVO. To achieve underwater excavation, it is necessary to propel and 
excavate underwater ground rich in fluidity. In this paper, we propose the 
bristles-attached propulsion unit which improves the SEAVO's propulsion 
ability developed. First, we perform underwater excavation experiment with 
only the excavation unit and measure the torque generated by excavation. The 
propulsion unit must support this torque. Next, we develop the bristles-attached 
propulsion unit and measure the performance of this propulsion unit. Finally, we 
compare these results of experiments and evaluate whether propulsion unit can 
support the excavation torque of the target value: 4.79 N m. 

2.   Concept of SEAVO 

Figure 1 shows the future vision of SEAVO. SEAVO is dropped from the ship 
to the seabed with the launcher. The launcher is a support rack of a robot and 
equipped with robot power and communication equipment. The exploration 
operation by SEAVO is divided into the five stages. 

Phase 1. After arriving at the seabed, SEAVO start excavation from the launcher. 
Phase 2. SEAVO excavates horizontally and performs the wide area exploration. 
Phase 3. Transporting the seabed’s sample, collecting the sample to the launcher. 
Phase 4. After sampling, SEAVO moves backward and returns to the launcher. 
Phase 5. The launcher floats up to the sea surface and is collected by vessels. 

In this paper, we focus on Phase 1 and discuss the prototype of robot which 
can excavate in the linear direction underwater. 
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Figure 1.  Concept of sub seafloor excavation robot(SEAVO). 

The overview of SEAVO is shown in Fig. 2 (a). This robot consists of an 
excavation unit and a propulsion unit. The overview of the excavation unit and 
the propulsion unit are shown in Fig. 2 (b) and Fig. 2 (c). The excavation unit 
has a role of securing a space for propelling. The propulsion unit has a role of 
the propulsion operation and the support of excavation reaction force. 

 
Figure 2.  Overview of the excavation robot. 

3.   Hurdle of underwater excavation 

In previous study, we confirmed the excavation and propulsion operation of 
SEAVO in land experiments. To realize underwater excavation by SEAVO, we 
will discuss the hurdle underwater environment and their countermeasures.  

There is the problem that conventional propulsion units will not function in 
underwater. Unlike the onshore test, the ground is fluid, so it is difficult for the 
propulsion unit to support the excavation. So, when large reaction force of 
excavation occurs, excavation and propulsion are impossible, such as rotation of 
the robot body. Therefore, the propulsion unit functions reliably in fluid ground 
is important. About this problem, we focus on important excavation torque 
among the excavation reaction force and discuss it. Therefore, experimentally 
improve the gripping torque by biomimetic utilizing the characteristics of 
organisms which living underground. 

Several ideas can be cited as an improvement plan for the gripping torque of 
the propulsion unit that supports the excavation torque. However, depending on 
the countermeasure, the propulsion movement may be affected. Also, it was 
difficult to analyze like the simulation in underwater environment. Therefore, 
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we try to improve gripping torque by using the characteristics of living 
things in underground. 

3.1.   Setae of Earthworm 

As a method of improving gripping torque, we focused on the characteristic of 
earthworm. The structure of the earthworm is shown in Fig. 3. On the body 
surface of earthworms, hard bristles called setae are existing. Earthworm can fix 
soil like this anchor with these setae. As a result, earthworms can move in soft 
mud. We install the mechanism imitating this setae in the propulsion unit and 
improve the gripping torque without hindering the propulsion movement. 

3.2.   Setae attached propulsion unit 

In this section, we explain the setae attached propulsion unit. Fig. 4 shows the 
appearance and gripping of setae attached propulsion unit. Like the setae of 
earthworm, when the propulsion unit contracts, there is little influence on the 
surroundings of the unit, and at the time of expansion, the setae widen, the 
frictional force increases, and the gripping torque improves. For the evaluation 
of the propulsion unit, it is necessary to decide the excavation torque generated 
by underwater excavation. However, the behavior of the soil in the underwater 
environment is very complicated, so it is extremely difficult to elucidate 
theoretically. Therefore, experimentally underwater excavation experiment of 
the excavation unit is performed, and the excavation torque is obtained. Then, 
we confirm from the comparison of experimental results whether the proposed 
propulsion unit can support excavation of SEAVO. 

 
Figure 3.  Setae of earthworm. 
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Figure 4.  Appearance and gripping of setae attached propulsion unit. a) Pressurized propulsion 
subunit at 0.03MPa. b) Unpressurized propulsion subunit. c) Gripping of propulsion subunit with 
setae. 

4.   Underwater excavation of the excavation unit 

In this section, we carry out underwater excavation experiment of an excavation 
unit to measure excavation torque during excavation. Then, the excavation 
torque measured by the experiment is set as the target gripping torque of the 
propulsion unit. 

4.1.   Experiment setup of excavation torque 

The experiment equipment of excavation unit is shown in Fig. 5. This equipment 
consists of excavation unit, slide rail, aluminum frame, and simulated 
sedimentary soil tank. In addition, Toyoura Silicone Sand (Toyoura Silicone 
Industry) was used as simulated sediment. Various things such as sand, mud and 
plankton carcasses are sediment on seafloor. However, reproducing this is 
difficult due to the diversity and non-uniformity of the marine sediment. 
Therefore, we experimentally selected silica sand which is one main component 
of the marine sediment and whose granularity is uniform from the viewpoint of 
reproducibility of the experiment. 

The excavation unit is fixed to the aluminum frame so as not to rotate, and 
lows in the vertical direction by the slide rail. In the experiment. Also, the earth 
auger is rotated at 10 rpm, the pressing force is the mass of the excavating unit, 
and the mass of the excavating unit is 2.1 kg. Then, the excavation torque is 
calculated from the current flowing in the motor (RS - 775 GM 504, Suzaku 
Giken). 
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Figure 5.  Experiment setup of excavation unit. 

4.2.   Experimental result and discuss 

The excavation process and the result of the excavation torque are shown in 
Fig. 6. After 67 s, excavation unit discharged soil from the outlet part, and it 
reached the lowest end of the movable range, we ended the experiment in 186 s. 
Next, the results of the torque are shown in Fig. 6. From this figure, the 
maximum excavation torque was 9.58 N m at 85 s. Because the propulsion unit 
always holds with two subunits, it needs gripping torque than 4.79 N m per one 
subunit. Therefore, the target gripping torque is set to 4.79 N m. 

In addition, focusing on the result of the torque in Fig. 6, Torque is rising 
from around 50 s. we considered the influence of soil density as a factor that the 
Increase in torque. The surface layer of the sedimentary soil contains a lot of 
water, and it is soft. Because of that, we considered that the soil entry speed of 
the unit is faster, and a large torque has occurred. On the other hand, the soil 
became hard with the depth, and soil entry velocity declined by earth pressure 
and friction. As a result, the excavation time became longer, and the torque 
decreased. From these facts, we think that there is a relationship between 
excavation speed and torque.  
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Figure 6.  Excavation process and result of excavation torque. 

5.   Experiment of propulsion unit 

In this section, to confirm the usefulness of the setae attached propulsion unit 
proposed in section III, gripping torque is measured and compared with 
conventional propulsion unit. 

5.1.   Experiment setup of gripping torque 

The experiment equipment is shown in Fig. 7. This equipment consists of 
propulsion subunit, aluminum frame, and simulated sedimentary soil tank. In the 
experiment, the propulsion subunit was buried in the sedimentary soil tank, and 
the pressure of the subunit applied to hold the inner wall. Then, a force was 
applied in the rotating direction to measure the magnitude of the force at the 
time of movement, using a force gauge, and the grip torque was calculated.  

 
Figure 7.  Experiment setup of propulsion unit. 

5.2.   Experimental result and discuss 

Measurement environment and the result of gripping torque are shown in Fig. 
8. From the experimental result, it was confirmed that the gripping torque of the 



 376 

propulsion subunit can be improved by attaching the setae. The maximum 
gripping torque of the conventional propulsion subunit was 3.5 N m when 30 
kPa was applied. Therefore, it was insufficient for the 4.79 N m required to 
support excavation. In the experimental result, the maximum gripping torque of 
the propulsion subunit with the six setae attached was 5.8 N m for 30 kPa. From 
this result, it was confirmed that the propulsion subunit with setae-attached 
achieved the target value of 4.79 N m by applying 30 kPa.  

 
Figure 8.  Measurement environment and result of gripping torque. 

6.   Conclusion 

In this paper, we presented a setae-attached propulsion subunit based on 
earthworm setae that realizes underwater excavation. The conclusions reached in 
this paper are presented below: Setae attached propulsion subunit inspired by the 
earthworm setae was presented．The following future work is being considered． 

 Setae attached propulsion subunit inspired by the earthworm setae was 
presented． 

 The performance of the setae-attached propulsion subunit was confirmed 
via characteristic experiments． 

 Experimental results confirmed that the setae-attached propulsion unit 
exceeds the target grip torque and showed usability.  

7.   Future works 

The following future work is being considered． 

 We will examine a new underwater excavation unit so that the unit can 
excavate a lower torque. 

 We will confirm whether we can excavate excavation robot underwater 
equipped with the new propulsion unit proposed. 
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This project consists of the development of an electronic system to manipulate a snake 
like robot in a modular way. The electronic cards were implemented in a master-slave 
relationship for joint control of each mechanical module. These cards are composed of a 
DSPic30F4011, microchip 16-bit microcontroller that incorporates the CAN module, 
essential protocol for communication between cards, PWM outputs for motor control, 
analogue and digital ports; as well as a socket to connect to an external device through 
the UART. The firmware has been written in MikroC Pro. Each microcontroller 
implements the characteristic equation from the Hirose curves to generate a serpentine 
movement. These moves were simulated using ROS (Robotic Operating System in Rviz). 

1.   Introduction 

The structural design of a snake is based on the repetition of its spine along its 
entire body, where only 3 types of bones make it up: the skull, the vertebrae and 
the ribs. The vertebral column is composed of between 100 and 400 vertebrae 
and each vertebra allows small movements in vertical and lateral direction, but 
the composition of so many vertebrae allows the snake a great flexibility and 
curvature with dramatically large forces. 
      The anatomy of the snake is composed of the same type of union and 
structure where each vertebra allows a rotation in the horizontal plane of 10-20 
degrees and a rotation between 2-3 degrees in the vertical plane. [1] The 
locomotion system of the snake is very stable and the body is in constant contact 
with the ground at different points, allowing a low centre of mass and great 
traction which is easy to perceive its great ability with low energy consumption. 
      Snake-inspired robots were introduced in the 1970s by Shigeo Hirose. [2] 
Since then, several numbers of bio-inspired designs about snake like robots have 
been conceived and constructed. Although, the numerous designs of robots 
follow the kinematics and locomotion imitating the snake, they can change 
enormously in their physical configuration and purpose. For example, some 
robots are redundant; others are hyper-redundant while others may not have 
redundancy at all. [3] The first designs of snake-robots used traction wheels or 
tracks, while at present they can use passive wheels or without wheels at all. [4] 
Some designs are amphibious and can move effortlessly between terrestrial 
environments and water. [1] [6] [8] However, the demand for new types of 
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robots is still present for rescue and inspection applications, where they do 
not require a robot capable of negotiating such conditions and difficulties in 
sewer lines, water networks and swamps. Robots based on thin and flexible 
snakes meet some of these needs. [5][7][9][15] 
    Commercially, robots for exploration of pipes are of many kinds, where each 
one of them fulfils different functions, mainly visual inspection of pipelines of 
drinking water and hydro-sanitary lines through video capture. [16][17][18] 
However, these robots have a very large disadvantage, the most of them require 
a very expensive and heavy transport logistics and for inspection services where 
the cost of using this equipment makes its frequent application difficult. 
 

 
Figure 1: Conceptual design and module of snake like robot. 

 

         Figure 1 shows the conceptual design of the modular snake scalable robot; 
it is composed by 7 modules each one adapted by 2 degrees of freedom, 
generated by two servomotors. In this sense, the electronic design is focused in a 
modular way so that each mechanical joint carries its electronic backup and 
battery. 

2.   Serpentine Locomotion 

There are different types of locomotion in snakes based on the condition of the 
terrain and the type of environment. In the development of the project the cards 
and control can reproduce any of the 4 types of snake locomotion; however, the 
applications of the control system and the communications of the cards focused 
the serpentine locomotion, as verification of control system. [10] 

3.   Design of the electronic system 

The conditions of the electronic design are based on the components necessary 
to generate the movement of the robot based on its locomotion, environment, 
size, current and application. 
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3.1.   Power requirement and voltage regulation 

The selected batteries are based on the power delivered, charging time and the 
space gap within of the modules. The selected batteries are lithium-polymer 
72x34x14 mm 1000 mA, composed of two cells of 7.4 volts. 
       Due to the high efficiency of buck step-down type regulators, table 1 is 
showing the characteristics of the following devices that have been selected to 
satisfy current requirements of approximately 2.5 Amps, efficiency of 85% to 
95%, capable to inverse voltage, and smaller as possible. 

3.2.   Microcontroller and communication protocol 

The microcontroller that has been chosen mainly based on its 16-bit 
architecture; additionally, it has CAN communication protocol incorporated as a 
final purpose of control and position of the servomotors. Its parameters are: 
architecture:16-bits, CPU speed 30 MPS, type of minority: flash, memory: 48 
KB, ram: 2 KB, temperature range 40 to 125 C, operating voltage 2.5 to 5.5 V, 
Number of I/O ports: 40, digital communication peripherals: 2-UART, 1-SPI; 1-
I2C, analogue peripherals: 1-A/D, 9x10-bits; 1000 kps, communication 
protocol: CAN, PWM channels: 6 and parallel port: GPIO. 
        The proposed network protocol for internal communication between the 
electronic systems is a master-slave connexion. At the beginner, was considered 
to be performed through RS485, however, the CAN Bus was chosen, used in the 
automotive industry due to its robust protocol, which corrects transmission 
errors and It is invulnerable to electromagnetic disturbances, thanks to its 
physical layer requirements that are a shielded in a differential pair. 

4.   Mathematical analysis 

Based on the cinematic analysis of Professor Hirose; [2] the behaviour and 
locomotion of a snake expresses the serpenoid curves and their joint trajectories 
as follow: [1] [2] [10] [14]  

4.1.   Serpenoidal Curves -Hirose 

The following equations express the serpenoid curves proposed by Hirose. The 
length of the segment along the serpent is represented; a, b and c are parameters 
that determine the shape of the curve. 

ܺሺݏሻ ൌ න cosሺܽ	 cos ߪܾ  ሻߪܿ ߪ݀
௦


																															ሺ1ሻ 

ܻሺݏሻ ൌ න sinሺܽ	 cos ߪܾ  ሻߪܿ ሺ2ሻ																																	ߪ݀
௦
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4.2.   Articular trajectories 

The joint trajectories determine the angles that the joints must develop over time 
to generate a serpenoid curve; these equations are those which are executed by 
the microcontrollers on each electronic card in order to control the angles of the 
servomotors. The equation (3) contains a new component ω, which is 
determined by 2πf, where f is the frequency with the curve generated by 
equations (1) and (2). 
 

∅ሺݐሻ ൌ 	ߙ2 sinሺ߱ݐ  ሺ݅ െ 1ሻߚሻ   ሺ3ሻ																														ߛ
Where: (4), (5) and (6) come from the same parameters a, b and c of the 
serpenoid curve, [11] 

ߚ ൌ
ܾ
݊
																																																														ሺ4ሻ 

ߛ ൌ
െܿ
݊
																																																														ሺ5ሻ 

ߙ ൌ 2ܽ ฬsin ൬
ߚ
2
൰ฬ																																																				ሺ6ሻ 

As a result: i, is the number of the joint, that is, the first joint will have an 
equation with i = 1, the second with i = 2 and so on. 

5.   Analysis and results 

5.1.   Electronics card 

The figure 2 showing the electronic card implemented in each mechanical 
module of the robot structure. This card execute the master or slave control 
condition; the result is been done with a single card design allows to be 
configured as a master or slave according to the needs. Each card is identified 
with an internal code that permits to know its location on the robotic structure. 

 
Figure 2: photorealistic image and picture of the developed control card. 

 

       The control and communication system of the developed card is presented 
in figure 3; this shows the diagram of any device with 5V supply voltage and 
logic, such as RF, Bluetooth, wifi modules that support the TTL/UART 
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interface. The diagram also showing the following the communication 
protocols: CAN; Uart, I2C that allow controlling any device such as sensors, 
servomotors, LEDs, etc. all them that support at the same time by the interface. 

 
Figure 3: Block diagram of the electronic card. 

 

5.2.   Mathematical analysis 

Figure 4-left is showing multiple serpenoid curves generated by the modification 
of different parameters in control, such as: frequency, amplitude and phase 
shifting. 

 
Figure 4: left: Simulation of trajectory behaviour and locomotion of the modular snake-robot; right: 

Articular angles with respect to time: left: a=-pi/4, c=pi/2, w=2pi*(0.5). 

 
      Figures 4-right is showing the simulations of each joint of the robotic system 
covering the joint angles (Q1 to Q8) with respect to time with different 
parameters a, b and c, based on equations 1 and 2. 
       Figure 4-right also showing the path of each of the joint modules to 
complete the serpenoid curve; it should be notice that if these graphs were 
developed with n=7, (number of joints) the results are similar. 

6.   Simulation of robot kinematics 

The simulation includes the implementation of the joint trajectories in the 
mechanical modules of the robot. As a result, the robot design has been taken to 
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the URDF format compatible by the RVIZ simulator and through the 
publisher and subscriber of ROS. The described angles previously and the 
equations produce the simulated trajectories on RVIZ [12] [13]. 

 
Figure 5: Result of robot simulation developing serpenoid curve in RVIZ-ROS. 

 

       The figure 5 is showing the executed simulation in RVIZ, in addition is 
validating that the robot could move in a serpentine way. However, in this first 
implementation, aspects such as the weight of the robot, friction and floor 
uniformity were not considered. 
 

  
a b c 

  
d e f 

Figure 6: Motion sequence of the implemented robot like snake. 
 

   Figures 6 are showing the final implementation of the locomotion by the snake 
like robot based on the serpentine movements. Further research and word need 
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to be done in other to improve and produce soft-motion and better 
performance. Nevertheless, the control cards with CAN communications were 
well executed by the controllers, which were the aim of this preliminary 
research. 

Conclusions 

This project presents in a superficial way the design criteria for a particular 
electronic system to control a robot, these must cover its processing unit such as 
the microcontroller, its power supply and regulation, the peripherals that must be 
contemplated, either that you want to use sensors. Follow the rules as those 
established in IPC-2221 to develop PCBs with high quality standards. 
      The project presents the importance of a mathematical analysis in terms of 
robotics and its respective simulation to check its effectiveness. However, there 
is a huge gap between the simulation and the real, since some physical variables 
did not contemplated precisely. 
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Quadruped in comparison with the majority of others animals, it has the ability to access 
to any kind of environment where others living creatures or even humans can’t access. 
Those bio-inspired attributes are taken into this project in order to design and develop a 
quadruped robot with the abilities to move in all kind of directions like ascend or 
descend, avoid obstacles, etc. Combining these skills of the quadruped animals with the 
ability of continuously monitoring the carbon dioxide, the results can be determinants. 
This paper presents the dynamic and kinematics model in addition with the measurement 
scheme of the carbon dioxide index, with the purpose of establish a mechanical sturdy 
device, which can be monitoring an important variable. As a result, we studied the 
movement of real animals, so we can define a suitable bio-mimetic model for our robot. 

1.   Introduction 

Recently, human has wanted to replicate all kind of movement of animal. This 
effort on doing it allowed humans to reproduce robots for certain task instead of 
risk their lives. This kind of biomimetic replication can be employed in land 
mines task and exploration task [1]. Another important application of these 
robots is the incursion in dangerous environments, like contaminated places, or 
hostile landmarks. In this order of ideas, we decided that the applicative 
background of the robot is the measurement of the concentration of carbon 
dioxide, which is an important variable that can generate negative impacts if no 
measurement (and regulation) control is applied. Besides, the human beings can 
be, easily, exposed to these gases without notice it, with mortal consequences. 

Since 90’s researches begin to innovate the whole world with bio-inspired 
robot [2]. In 2008 bio-inspired robots became in an important instrument, with 
several ability of walking and climbing in all kind of surfaces [3] [4]. 
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      Nowadays, the majority of quadruped robots have exceptional abilities 
and advanced material to be developed. Other approaches have been employed 
in their developed of quadruped robots as example parallel mechanism [5], soft 
materials [6] self-folding [7], Origami [7], printable robots and so on. 
       Nevertheless, this paper presents a device based on quadruped robots with 
some basic features and different attributes and applications. See figure 1. 

 
Figure 1: Quadruped robot design and prototype. 

2.   The Bio inspired quadruped and motion analysis 

In order to accomplish this robot, we stablished how quadruped move and the 
algorithm behind this process. The majority of the quadrupeds move in a 
mammalian form, like a dog or a horse. Besides this, the spider has 8 limbs, so 
we couldn´t use them as a direct source of inspiration. To solve this problem, we 
used a mixture of sources of inspiration; we had the quadrupedal animals (their 
movement and behavior). On the other hand, we had the anatomy of the spider. 
As a result, the anatomy or physic shape of the spider, and the movement of the 
quadruped animals in an arachnid way was used.  

 
Figure 2: Spider’s leg biomechanics 
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Initially, it’s important to know that the spider has 7 parts by leg (figure 
2). From the original anatomy of the spider, we suppress some components that 
we didn’t need. The reason of this is that we wanted to simplify the whole 
system. Having said this, instead of using the Patella part, we linked the femur 
and the tibia by a direct joint. The metatarsus and the tibia were united as a 
single link or part. Similarly, we dismiss the tarsus. All of these changes were 
executed in the robot, but for the kinematics analysis we took into account the 
entirely system for a realistic approach. 
      One important aspect is the amplitude that has every part of the spider’s leg. 
This means, for example, that the coxa has amplitude of 35 degrees while tibia 
has a mobility of 70 degrees. Also, every of the seven components of the limb, 
has a different axis of movement; for example, the trochanter has a movement in 
X-Y axis, meanwhile the femur in X-Z axis. This kind of association and motion 
is explained graphically in the figure 2. 

3.   Mathematical development  

As we mentioned previously, there are some constraints that we applied in the 
anatomic development. We applied these modifications in the mathematical 
development and we decided to involve all the possible variables, based on the 
following table to produces the most faithful model and prototype. 

 
Table 1. Degrees and planes of work of each part of the quadruped robot. 

Parts Movements (degrees) Plane 
Coxa 75 Transversal 
Femur 140 Sagittal 
Tibia 40 Sagittal 

3.1.   Direct Kinematics 

 
Figure 3: Parameters of the system and coordinate frames of the robot. 
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    In order to study the direct kinematics of the robot was necessary, at the 
beginning; use the joint’s variables of contact limbs and the position and 
orientation of the platform. All of this, based on fixed frame represented in 
figure 3. Is important to establish that the Ai vectors denote the end points of 
contact legs and the Bi vectors represent the connection points of the legs of the 
robot to the platform. Taking into account the figure 3 and knowing Ai vectors, 
which are the end points of contact legs, we can establish the next expression: 

݅ܤݎ ൌ ݅ܣݎ  ெ






ெ
                                          (1) 

In this expression, ݅ܤݎ and ݅ܣݎ represent the position vector of Bi. In the 
same way, we needed to determinate all the parameters of the system in a 
graphically mean. In the figure 3 these parameters can be observed. 

One highly important aspect in our robot was the motion and the sequence 
that a quadruped robot must follow in order to walk correctly. This item is the 
quadruped walking system, which is illustrated in the figure 4. 

 

 
Figure 4: Sequence of quadruped walk 

Suppose that the leg 1, 2 and 3 are standing on the ground. According to 
relation (1) the location of points Bi versus the fixed coordinate system are 
determined and, as direction of x axis of P-coordinate system is direct to 1ܤ3ܤ 
vector, is possible determine the direction of x-axis unit vector:   

ݔܧ		 ൌ ଷଵ

ۤଷଵۥ
                                                (2) 

In the same way, we can determinate the vector B3B2 

݉ܧ ൌ
ଷଶ

ۤଷଶۥ
                                                (3) 

By having this information, we can determinate the direction of unit vector, 
normal to the platform plane. To do this, we first need to implement the cross 
product of the two previous vectors: 

ݖܧ ൌ  (4)                                               ݔܧݔ݉ܧ
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In the same way, having the vectors Ex and Ez, is possible to determine 
the Ey vector using the same method: 

ݕܧ ൌ  (5)                                              ݖܧ	ݔ	ݔܧ
These three vectors are necessary because we can establish the matrix of the 

platform versus the fixed coordinate system with the next expression: 
ܴ ൌ ሾݔܧ	ݕܧ	ݖܧሿ

                                             (6) 
In order to specify the origin of coordinate system, we can use the equation 

of the circle in this way: 
ሺܾܺ1 െ ሻଶܺ  ሺܻܾ1 െ ሻଶܻ  ሺܼܾ1 െ ሻଶܼ ൌ  ଶ                 (7)ݎ
ሺܾܺ2 െ ሻଶܺ  ሺܻܾ2 െ ሻଶܻ  ሺܼܾ2 െ ሻଶܼ ൌ  ଶ                 (8)ݎ
ሺܾܺ3 െ ሻଶܺ  ሺܻܾ3 െ ሻଶܻ  ሺܼܾ3 െ ሻଶܼ ൌ  ଶ                 (9)ݎ

If we solve the previously established equations system, we can determine 
the position of the body in the coordinate system. 

3.2.   Platform velocity 

In order to establish the velocity of the robot’s platform is necessary to 
determine the velocity and angular velocity of robot platform by using the 
position and velocity of the joint’s variables. In order to specify the direct 
kinematics of platform velocity can use (10): 

పሬሬሬሬሬሬሬԦܣܱ 	ܣపܯపሬሬሬሬሬሬሬሬሬԦ 			ܯపܤపሬሬሬሬሬሬሬሬԦ 		ܤపܲሬሬሬሬሬሬԦ ൌ 	ܱܲሬሬሬሬሬԦ                             (10) 

In the previous expression, OAi represents a vector that was drawn from the 
fix coordinate origin to point “A” from leg No. i. It’s possible to determinate the 
relation between velocity of the joint’s variables and platform velocity by 
differentiating from (10). The result is (11): 

ܸ
→
	ൌ 	 ߱

→்
	ൈ ܯܣ		

→
		 ߱

→ி
		ൈ	ܯܤ

→
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→
		ൈ		ܤܲ	

→
        (11) 

In (11), the first and third element of the equality represents the absolute 
angular velocity of femur and tibia, of limb No. i respectively. If we take into 
account the symmetry of our robot, (11) this process can be used for the other 
three contact legs. By using the fifth element of (11), is possible to establish Vp. 
Based on figure 3: 
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Regarding to the figure 3: 
ߞ ൌ 	

గ

ଶ
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In expressions (12) and (13), the first factor in both of them, indicates the 
unit vector direct to z-axis of first coordinate frame of limb No. i. The relation 
between the unit vectors of different coordinate frames of each leg is determined 
in function of the figure 3 as follow: 

ଓయሬሬሬሬሬԦ ൌ 	 ଓమሬሬሬሬሬԦ
തതതത                                                   (16) 

ଓమሬሬሬሬሬԦ ൌ 	െ	sinሺߠଵሻଓூభሬሬሬሬԦ 	cosሺߠଵሻ ଓభሬሬሬሬԦ                                (17) 

ଓరሬሬሬሬԦ ൌ 	െଓయሬሬሬሬሬԦ                                                  (18) 

Using the expressions from (12) to (18), we can determine the values of ωi 
as follows: 

߱
ଵ→்

	ൌ ଵߠ	
˙
.ଵܭ

→

	െ	ሺߠଶ
˙
		ߠଷ

˙
ሻሺ	െܵሺߠଵሻ ݅ଵ.

→

		 ଵሻߠሺܥ	 ݆ଵ.
→

	ሻ          (19) 

߱
ଵ→ி

	ൌ ଵߠ	
˙
.ଵܭ

→

	െ	ߠଶ
˙
	ሺ	െܵሺߠଵሻ ݅ଵ.

→

		 ଵሻߠሺܥ	 ݆ଵ.
→

	ሻ                (20) 
In (19) and (20) the S’s and the C’s, means cosines and sines. In this case, 

for mathematical simplicity, we can express all the previous equations as 
rotational matrices as follows: 

߱
→ி

	ൌ 	 ܴ
 	 ܴ	

ଵ ߱
ଵ→ி

                                        (21) 

߱
→ி

	ൌ 		 ܴ	
ଵ ߱

ଵ→ி
                                            (22) 

߱
→்

	ൌ 		 ܴ	
ଵ ߱

ଵ→்
                                             (23) 

As we mentioned previously, R represents the rotational matrix of platform 
relative to the fix coordinate frame. In this order R1p is the rotation matrix of the 
first coordinate frame of limb No.i relative to P-coordinate frame system. This 
last rotational matrix is defined as follow: 

ܴ ൌ ൦

cos ቂሺ݅ െ 1ሻ 
ଷ





ቃ െsin ቂሺ݅ െ 1ሻ



ଷ





ቃ 0

sin ቂሺ݅ െ 1ሻ


ଷ





ቃ cos ቂሺ݅ െ 1ሻ



ଷ





ቃ 0

0 0 1

൪                   (24) 

3.3.   Direct kinematics of non-contact leg 

Direct kinematics of position for a non-contact limb is similar to the direct 
kinematics for a serial robot. As shown in Figure 3 can write: 

݅ܣܱ ൌ ܱܲ  ݅ܤܲ  ݅ܯ݅ܤ (25)                                  ݅ܣ݅ܯ 

݅ܤܲ ൌ ݅ܤܲ	ܴ
                                                 (26) 

݅ܯ݅ܤ ൌ ܴ	 ܴ
ଵ ݅ܯ݅ܤ	

                                             (27) 

݅ܣ݅ܯ ൌ ܴ	 ܴ
ଵ ݅ܣ݅ܯ	

                                         (28) 

Based on the previous expressions, PBi can be establishing as follows: 
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݅ܤܲ ൌ ൦
ݎ cosሺ




 ሺ݅ െ 1ሻ




ሻ

ݎ sinሺ



 ሺ݅ െ 1ሻ




ሻ

0

൪                                    (29) 

As we did with the contact legs, we wanted to determine the velocity of the 
non-contact limbs, so the procedure is similar. We first need to differentiate (25) 
as follows: 

ܸ

→
	ൌ ܸ	

→	
		 ߱

→
	ൈ	ܤܲ	

→
		 ߱

→ி
	ൈ	ܤܯ

→
		 ߱

→்
	ൈ	ܯܣ

→
         (30) 

Using Vp and ω, that were derived from (11): 

߱
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˙
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˙
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˙
.ଶܭ

→

		 ߱
→

                           (32) 
From (30) to (32) we can determine the velocity of end points of non-

contact legs; as a result, these values can be specified. 

4.   Software and Carbon Dioxide Reading Sensor 

The robot control was based in arduino controller and Bluetooth communication 
system, sending and receiving routine commands from mobile device. We used 
an Arduino-Nano as the controller for the full platform control and 
communication system. For motion, 12 servo-actuators were set, 3 for each leg 
with a torque of 2.2 kg.cm. These servo-motors are attached directly as a joint of 
each link-leg. The supply voltage and current for the robot was a battery 
package of 4.8 V and 3000 mA with around power of 7.5 W approx.  

Regarding to the reading of the carbon dioxide index, an embedded circuit 
capable of monitoring various types of gases was implemented.  

 

 
Figure 5: left: Response profile MQ4, time vs voltage; right: Voltage vs Carbon dioxide. 

 

The figure 5-left shows the output voltage of the sensor depending of the 
gas concentration reading by itself. The result was obtained by adapting the gas 



 394 

source next to the sensor; meanwhile the gas concentration was increasing. 
Figure 5-right shows the relation of output voltage with the carbon dioxide 

concentration; in this way, the characterization of the sensor was adapted 
through a linear regression model, obtaining accurate results. An extremely 
important aspect to mention is the fact that this issue is still being evaluated and 
treated, with the purpose of implementing the sensor that best shapes to the 
context and conditioning with the purpose of achieving the best results. 

5.   Conclusions 

The project has achieved systematically the design, development and control of 
a quadruped walking robot. The mathematical model helped out the modeling of 
the motion´s behavior of the robot. The robot has 12 DOF in total, 3 DOF for 
each leg, controlled by an Arduino Nano via a remote mobile device. The 
movement has been analyzed with biomimetic inspirations take from the 
spiders. The gas sensor MQ4 was an excellent first approach to the gas sensing 
technology because it allowed characterizing the behavior of the gas. 
Additionally, these results will serve us as a foundation in future research. 
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The heart failure patients care is increasing, in order to provide the specialized assistance 
at the right time. Therefore, some researchers have been developed some systems regarding 
the remote monitoring of the signals of these patients. In this work, it is described a 
proposal of a remote monitoring system of vital signs, acquired by means of non-invasive 
biosensors, for heart failure patients. The objective is for monitoring in real-time the vital 
signs of these patients in order to the specialist doctor to receive the processed data with 
other added signals and alarms for facilitating his/her diagnosis. This proposal will be 
developed in Panama, since there is not this kind of system in this country. It will be 
considered the intrinsic characteristics of the region for this development and also it will 
be considered the implementation of robotics unit in order to carry out some tasks as patient 
surveillance, mobile healthcare assistant in rural/remote areas, interface unit between 
communication systems, etc. However, after to develop this project, it would be extended 
to other regions of Latin America, since it is very necessary according to statistical data 
provided by the WHO. 

Keywords: Heart failure patients; remote monitoring system; vital signs; bio-sensors; 
wireless data acquisition system.  

1.   Introduction 

Cardiovascular diseases (CVD) are the leading cause of death in the world, which 
caused 15 million deaths in 2015 and have been the leading causes of death during 
the last 15 years, according to the World Health Organization (WHO) [1]. It is 
also where the most resources are invested from the public and private sectors 
worldwide, which in Latin America exceeded 30 billion dollars (in 2015), 
according to the available information from the WHO offered at the Congress of 
World Cardiology and Cardiovascular Health (WCC 2016) in Mexico [2]. 

In the statistical results presented by the WHO in WCC 2016 were indicated 
some Latin American countries have high rates of death from CVD, including 
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Panama. It was pointed out that heart diseases in Panama affect 29% of the 
population at a cost of $ 300 million dollars per year [2], which is a very high fee 
for this country. This is alarming. The Panamanian state must carry out policies 
for health care in a more forceful way since the percentage destined to deal with 
this type of diseases is very low, 2% of the annual budget according to the Social 
Security Department of Panama (CSS, Spanish language acronym) [3]. 

Some research works have been developed regarding the remote monitoring 
systems of patients’ vital signs in the last decade, generating positive results. 
However, these works have been carried out in Europe, USA, Japan, etc., but in 
Latin America has no reference to any important work in this field. Nevertheless, 
according to [4] the implementation of patient remote monitoring is an issue that 
must be further developed in the USA and Europe. Therefore, it is obvious this 
kind of work must be developed in developing countries, such as Panama. 

There are interesting projects regarding to telemedicine, e.g., the Health 2.0 
project of the Recover Foundation, which is a non-synchronized telemedicine 
project through clinical platforms and scientific social networks that is a very 
effective tool for international cooperation projects in the health development. 
However, remote monitoring in real time did not used to verify patient variables 
[5]. On the other hand, there is other system named WANDA (Weight and 
Activity with Blood Pressure Monitoring System) that uses smartphones to collect 
data of remote way of heart failure patients [6]. Other related system uses the 
combination microcontroller-GSM-GPS to collect vital signs of these patients at 
their homes and send them to the hospital database [7]. Other researchers propose 
develop cost-effective, easy-to-use remote monitoring systems (using modern 
technology) for the sake of elderly healthcare and well-being [8], which it can be 
extended to other patients or people. In addition, currently, it is realized studies to 
understand challenges and design considerations for a personalized mHealth 
system that could effectively support heart failure patients after they transition 
into the home environment. To this end, experiences from users, nurses and 
physicians are collected [9]. This strengthens our proposal related with remote 
monitoring system of vital signs for heart failure patients. 

In this paper, it is described the proposal of a remote monitoring system of 
vital signs for heart failure patients that comprises several non-invasive 
biosensors, data acquisition system, wireless connection, data processing, 
computers, and higher level addressing-communication capabilities. The rest of 
the article is organised as follow: in Section 2 a summary of patients’ care with 
heart failure in Panama, making use of the technology is described. Afterward, 
Section 3 presents the proposal of the remote monitoring system. Finally, 
conclusions and future works are given in Section 4. 
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2.   Overview of patients care with heart failure in Panama using the 
technology 

There are several systems developed and in developing related to the patients care 
with heart failure in the world, using the telemedicine concepts, remote 
monitoring systems, etc., in order to improve the quality of life of them. This 
section focuses on Panama since the proposed project, presented in this work, will 
be carried out in this country. However, the authors consider the results of this 
research will have an international scope. 

In Panama, according to a study presented by the WHO in [2], it is the fourth 
with the number of people with some type of CVD in Latin America with 29%, 
behind Chile, Venezuela, and Brazil. There is a wide difference between the 
number of people with CVD presented by the CSS with the presented by the 
WHO, which are 80 thousand people [3] and about one million people [2] with 
CVD, respectively. Therefore, in this project, these numbers will be reviewed, so 
that a map or a mathematical model of the affected population can be made. 

The CSS has launched the Cardiac Failure Clinic (CFC) in 2017 with the aim 
of reducing mortality due to this type of condition, reducing hospitalizations, 
optimizing treatment, improving adherence to treatment, educating the patient and 
reducing the cost of health [3]. The CFC uses the face-to-face attention to the 
patients and by means of the videoconference. However, most of the patients 
cannot receive the specialised attention with only one clinic and with this protocol. 

Telemedicine programs have been created in some hospital centres, which 
contain a communication network at voice and data levels, for the care of patients 
with specialists and general practitioners [10-12]. In the last 10 years, some tele-
radiology works have been carried out and, occasionally, some 
electrocardiograms have been sent out, in order to be observed and evaluated by 
the doctor [11]. This is done from a remote hospital centre to another specialized 
hospital centre, where both have this program. This makes the speed of attention 
or monitoring of patients is very low, since these works are clearly face-to-face 
and the evaluation is deferred. 

Telemedicine is the application of ICT to the area of health, wherein this 
project will be developed, which is the remote monitoring of vital signs of people 
with CVD risks. However, according to [4] the implementation of remote patient 
monitoring is an issue that must be further developed in the US and Europe. 
Therefore, it is obvious to know this kind of project must be carried out in 
developing countries; such is the case of Panama. 
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3.   Proposal of the REMIT system 

REMIT is the acronym of the remote monitoring system of vital signs for heart 
failure patients. This system consists of non-invasive biosensors, data acquisition 
system, wireless connection, data processing, computers, and higher-level 
addressing-communication capabilities. Figure 1 shows the architecture 
conceptualization architecture of this system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Conceptual Architecture of the REMIT system. 

 
Some non-invasive biosensors are considered for the REMIT system, such as 

wireless ECG sensor, blood pressure sensor and heart rate sensor as main sensors 
of the system, but also other sensors can be used such as, pulse oximeter finger 
clip sensor (SpO2), GSR sensor, respiratory inductance plethysmography (RIP) 
band, others. Acquiring and processing the signals of these sensors can be 
obtained from several combinations of human physiological signals. In this case, 
for monitoring vital signs for heart failure patients. 

ECG data and other sensor signals can be seen in real-time on PC server. This 
collected data is transmitted to this PC through the Bluetooth connection. 
Therefore, a data analysis after its processing can be carried out, in order to send 
to the PC client other important data or results together with the real data. After 
that, at hospital centre, the medical specialist will realize the diagnosis of the 
patient. 
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On the other hand, regarding the monitoring of the vital signs of the 
patient, in real-time, the doctor will be able an earlier diagnosis of heart failure in 
him/her. Because some alarms can appear depending on the measure threshold of 
the bio-signals established for each patient, previously settled in the database. 
With this concept, sudden cardiac arrests can be reduced, since the patient care 
protocol is activated. It is clear that this methodology must be designed 
meticulously.  

The concepts described above are based when the patient in his/her home. 
However, the patient can be in any part, e.g., on the street, driving the car, a 
rural/remote area, etc. In this case, the bio-sensors and the data acquisition system 
must be connected to other devices, e.g., a smartphone, which replace the PC 
server in Figure 1. In addition, it is possible to consider an extreme case, where 
the bio-sensors wireless acquisition system must be connected to another 
communication mobile system, which can be versatile as a robotics unit for 
healthcare assistance. Thus, the network connection between the server-client will 
be Wi-Fi or 3G/4G mobile network. Besides, suppose several patients are being 
monitored at the same time with different and variable sampling times, depending 
on the variability their vital signs. Therefore, a server must be connected between 
the devices worn by the patients (motes) and the PC client, which must be 
controlled in order to carry out a successful traffic of data. For this, it is essential 
to have a mathematical model of the patients' distribution, including the main 
characteristics of their heart diseases, with the aim to have the better decision in 
the control system. Figure 2 shows the conceptual architecture of the several 
patients monitored at the same time located in any place, and by different 
communication systems, depending on their position.    

The conceptual architecture summarized in Figure 2 is a complex technical 
and logistical infrastructure for the patients monitoring with heart failure 
(obviously, among other kinds of diseases). Therefore, a mathematical model 
according to the variability of the system must be developed. In this work, the 
mathematical model proposed will be designed using the Coloured Petri Nets 
(CPN) [13], since the CPN consist of a graphical representation of an explicit 
description of states and actions. The model carried out using CPN is useful to 
work with traffic problems in data networks, since it is necessary to consider the 
number of data packets transferred and received, the possible loss and overtaking 
of them, the acknowledgment data, the retransmissions [14], etc. 

Initially, a simple CPN model will be designed for the proposed REMIT 
system presented in this paper, where will be omitted certain parts of the system 
or will make simplifying assumptions, as shown in the conceptual architecture in 
Figure 1. Afterward, the CPN model will be gradually modified and extended, 
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adding the other omitted parts of the system and updating the first assumptions 
realized. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Conceptual Architecture of the REMIT system with several monitored patients. 

 
In Figure 2 the robotics unit can be added in order to detect bio-sensory data 

through the wireless connection, and other signals of the environment where the 
patients are. First, the robotics unit can be considered to be installed in 
rural/remote areas as a mobile healthcare assistant and, in second, as patient 
surveillance assistant in some hospital that requires data from the patients in real 
time. Some studies related with the abovementioned can be revised in [15, 16]. 
However, in Panama case, a rigorous study must be carried out in order to adapt 
efficiently all mentioned concepts in this paper, for the patient health care and 
other related issues. 
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4.   Conclusions  

In this paper has been described a proposal of a remote monitoring system of vital 
signs for heart failure patients with the objective to be implemented in Panama. 
However, this proposal can be extended outside this country border, where this 
technology not has been developed nowadays.  

With the described in this paper, it is evident the need to develop this kind of 
system in Panama and other countries of Latin America. With the implementation 
of the REMIT system, the probability of reduction of cardiac arrests will be 
possible. However, the patient care protocol must be designed and established 
painstakingly. 

The work that will be carried out is extensive and will be divided into several 
stages since the first experimental tests with the biosensors and the wireless data 
acquisition system up to the first connection of two or more patients (can be 
healthy individuals) within a controlled environment. Afterward, the new stages 
will be added, with more patients in different positions in several places of the 
city or the country. 
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Cardiovascular dysfunction is the main cause of death in the world and several of these 
incidents have not been detected in time for diverse reasons. Consequently, some research 
groups, in ICT area, have been developing remote monitoring systems to detect the bio-
signals of cardiovascular dysfunction patients in the recent years. In this paper, a Coloured 
Petri Net (CPN) model for the remote healthcare process is presented. This CPN model 
uses the patient data formalization by means of set theory, providing a simplified 
perspective of the data transmission among all elements of the system. Using the CPN 
model, it will be investigated the behavior the system formed by the patients and their bio-
signals, located in different city zones (e.g., Panama), by means of simulation processes, 
in a first stage. With obtained simulation results, a remote monitoring system of bio-signals 
using non-invasive sensors will be developed. 

Keywords: Coulored Petri Net; Cardiovascular dysfunction; Remote monitoring system; 
Vital signs; Non-invasive sensors. 

1.   Introduction 

The telemedicine field is changing very fast in different directions with the aim 
of offer healthcare to different kind of patients remotely located. As technology 
advances at exponential levels, so does the widespread affordability and 
accessibility to basic telemedicine tools. Nowadays, it is an advantage, in terms 
of time and resources, monitoring in remotely way to patients with any disease, 
especially people who present cardiovascular diseases (CVD) [1]. 

According to WHO [2], CVDs are the number 1 cause of death globally. An 
estimated 17.7 million people died from CVDs in 2015, representing 31% of all 
global deaths. Of these deaths, an estimated 7.4 million were due to coronary heart 
disease and 6.7 million were due to stroke. Over three-quarters of CVD deaths 
take place in low- and middle-income countries. People with CVD need early 
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detection and management using counseling and medicines, as appropriate. 
Considering the two last assertions, in a particular case, it indicates in Panama is 
necessary to develop a project related to the remote monitoring of CVDs, with the 
objective to reduce the risk of premature death caused for this disease.  

CVD is also the most invested economic resources of the public and private 
sector worldwide, which in Latin America exceeded, in 2015, 30 billion dollars, 
according to the data of the WHO offered in the World Congress of Cardiology 
and Cardiovascular Health (WCC 2016) in Mexico [3]. Additionally, in studies 
presented to the WHO [3], Panama has the fourth position, with people that suffer 
any CVD in Latin America, turning into a priority the improvement and the 
inclusion of monitoring techniques for these patients. 

On the other hand, systems modeling is essential in the management of 
complex and variable systems (as the remote monitoring of CVD) due to allows 
understanding the different process that can occur through previous simulations, 
before the implementation of the system. In this case, a system model using 
Coloured Petri Nets (CPN) can be appropriate of the proposed system in this 
work. Because it has a graphical representation for an explicit description of states 
and actions. Moreover, offering hierarchical descriptions, formal analysis, and 
simulations [4]. These strengths will allow a detailed analysis of remote 
healthcare process using the proposed CPN model. 

A Coloured Petri Net (CPN) model for a system that analyses the 
cardiovascular dysfunction patients, which they will be remotely monitored, is 
presented in this paper.  This CPN model uses the patient data formalization by 
means of set theory, providing a simplified perspective of the data transmission 
among all elements of the system [5] (signals type, signals variability, location, 
alarms, etc.). Using the CPN model, it will be investigated the behavior the system 
formed by the patients and their bio-signals, located in different city zones, by 
means of simulation processes.  

This work will be developed in Panama and it is part of the remote monitoring 
system for heart failure patients project presented in [6]. The rest of this paper is 
organised as follow: in Section 2 a general description of the proposed system is 
presented. In the next section, a proposed model using CPN is described. Finally, 
conclusions and future works are given in Section 4. 

2.   Description of the system 

The main vital signs that will be measured, for carrying out this work, are cardiac 
frequency, respiratory frequency, arterial pressure, temperature, pulse oximetry 
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and ECG. All used sensors are non-invasive and their data will be acquired by 
means of a wireless system. 

The conceptualization of the full system is related to a perception of vital 
signs of a large number of cardiovascular dysfunction patients, located in several 
areas, e.g., at the hospital, at the city, at the home, at the workplace, and in rural 
zones. Figure 1 shows the conceived remote monitoring concept, which is divided 
into three levels, which are: Patient-level, Control centre level, and Healthcare 
service level.  

Patients with non-invasive sensors can be in any place as mentioned above, 
and the sensors joined to them are connected to a wireless data acquisition system, 
which it sends the data to any data collector station established for this function, 
e.g., PC, smartphones, tablets, etc. However, depending on patient localization 
area, of the characteristic of the place, of the patient numbers, etc, a robotic system 
can be considered, in order to contribute to re-send the recollected data, to the 
patient surveillance, as a mobile healthcare assistant, etc. This robotic system 
would be included within the patient-level. Some researchers have considered the 
robotic systems into the automatic healthcare functions [7, 8]. Therefore the 
robotic system for this work will be very useful for the accomplishment of several 
tasks. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. General overview remote monitoring system. 

Control-centre level is compound by the network connection, specifically, the 
Internet, where is a server with a database, established previously with the first 
data received from the hospital centre. CPN model will be implemented into the 
server, which has been previously validated by means of several simulation 
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processes. Intelligent decision-making will be carried out using the designed 
CPN model in order to provide to the next healthcare-service level relevant 
information in order to the experts take the final decisions.  

3.   Proposed model using CPN 

The proposed CPN model shown in Figure 2 represents a basic structure and 
processes related to the Health Care Service. The circles represent states, the 
rectangles represent processes and the arcs indicate information flows.  

This abstraction process catches basics elements using simplified way, due to 
limited space. Moreover, the control flow decisions are represented using basic 
data. However, the structure remains functional for other data. Uppercase 
variables represent colored tokens, and the lower case represents variables used 
during the data flows. Values enclosed in parentheses represent data entries 
provide by the sensors and established medical information. 
 

 

Figure 2. Coloured Petri Net Model. 

Inputs parameters of the CPN net, shown in Figure 2, correspond to vital 
signs’ measurements, i.e., systolic pressure (ap_s), diastolic pressure (ap_d), 
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respiratory frequency (rf); cardiac frequency (cf); temperature (t) and oxygen 
saturation (po). These values are chosen in an aleatory way for simulation 
purposes with the CPN model. 

The CPN model conserves the proposed stages or levels in Figure 1, whereby 
the process starts with data collection by non-invasive sensors (see "Data Sensors" 
in Figure 2). For simulation purposes, it is considered an identification number 
for each sensor (S_ID), which will be used to identify the patient (in the proposed 
CPN model in Fig. 2 has been considered three patients as an example). The 
monitor device that receives the data from the sensor carries out the patient 
identification process. The next step is to send this information by the Internet to 
the server of the Control Centre level (see "Internet" in Fig. 2). 

In the server (see “Control Centre Receive” in Fig. 2), the received 
information is evaluated by taking into consideration the criteria charged and 
given previously by reference physicians, to ensure the highest accuracy in the 
decision-making. The CPN model shown in Figure 2 presents a specific example 
related to the evaluation for one of the vital signs of the patient, which is the 
cardiac frequency (cf). In this case, depending on the cf values received, the CPN 
model assigns an alert level, where the highest value represents a more critical 
situation of the patient.  

Data’s verification processes are represented in the CPN model using 
auxiliary places and transitions. For the patient identification (P_ID), the variables 
in the CPN model representing the following: 

 T1 and ID verify the sensor’s identification number. 
 T2 and E check the sensor’s data and generate an alert (Alert) if 

necessary. 
 T3 and P assign a priority (Priority) of being attended, based on clinical 

history and current patient status. 
The final step consists of the intelligent decision-making by the proposed 

CPN model. The system generates a final report that is sent to Healthcare-Service 
level, which specifies the severity of the patients’ conditions to physicians and 
experts in order to allow them taking action as fastest as possible. The proposed 
system could take other automatic decisions, based on intelligent decision-making 
such as (1) to send an ambulance toward the patient location, with independence 
if the patient is a different city where the system is installed; (2) to send a 
notification to a physician close to the patient with the collected data of him; (3) 
to send a notification to relatives if the patient is alone, etc. 

CPN offers clear advantages for systems modeling, specifically for those 
systems where data transmission is critical for decision-making, as described 
above. This is because the CPN model has considerable strengths in visual 
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representation and simulation processes, which allow understanding abstract 
processes, as data management in real time, in a simple way, where common 
datatypes can be used during simulations. 

Using a CPN model foresees to raise the efficiency level for the remote 
monitoring of CVD within the system proposed in this work. Even more when it 
is considered to have a robotic system within the first level of the proposed 
system, which it will make the system more versatile because several automatic 
actions will be included in future works. 
 
4.   Conclusions  
In this paper, a system for the remote monitoring of cardiovascular dysfunctions 
has been described, which will be implemented in Panama, due to the high rate of 
CVD in Panama and the Latin-American region. The main idea is to contribute to 
increasing the medical attention to a large number of patients and in that way 
reduce the risk of premature death. Therefore, the health specialist, using the 
proposed system, will be able to take the right decisions after the early diagnostics 
for the patients’ disease. 

This system includes a CPN model, which has not been used for this 
application type according to the literature reviewed. Several discrete events will 
be considered into the CPN model and will be simulated using several possible 
cases acquired by medical personnel. In this work, it has been presented a simple 
simulation using three patients, and it has been evaluated the cardiac frequency 
vital sign, as an example. It is expected the CPN model will provide good results 
when it has been applicated to several patients located in different places. 
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In this paper, a description of a control system for basic grip movements for a low-cost 
hand prosthesis is presented. The idea is to provide movements to those people who do not 
have fingers due to congenital malformations, considering that the movements of their 
wrists are complete. The wrist movements are acquired by means of the Myo bracelet, 
which has wireless communication. The Myo bracelet has eight myoelectric sensors and 
an IMU, i.e., non-invasive sensors that are positioned around the forearm. The gestures 
read by means of the Myo bracelet are processed by the control system to send the 
commands to the small electric actuators installed in the prototype hand prosthesis. 

Keywords: Robotic hand prosthesis; gripping movements; control system; non-invasive 
sensors; Myo bracelet. 

1.   Introduction 

There are several causes why a person can have a physical disability, ranging from 
congenital malformations to degenerative diseases or accidents.  The loss or 
absence of upper limbs of the human body is a limiting factor for the development 
of activities of daily life. The hand is one of the most useful parts of the body and 
the most used in daily activities, so the loss of it or lack of fingers is a drawback 
that greatly diminishes the functionality of the body. Some of the contributions 
that help improve the quality of life in people who have this condition, are robotic 
hand prostheses [1], [2]. 

The hand prosthesis that is proposed in this work will be controlled using 
myoelectric signals acquired from the forearm muscles and the use of IMU data 



 414 

(inertial measurement unit). In this work, the device used is the Myo bracelet, 
developed by Thalmic Labs, which has an inertial measurement unit of nine axes 
and EMG (electromyography) muscle activity sensors. This bracelet is placed on 
the upper part of the forearm. In addition, it has a wireless communication 
interface, with low power consumption Bluetooth 4.0, which provides access to 
the raw data corresponding to IMU and EMG sensors [3]. The acquired data will 
be sent to a nano Arduino controller card in which the libraries and the 
corresponding program will be loaded to carry out an individual control of five 
servomotors in charge of the movements of flexion and extension of each finger 
of the prosthesis. 

This project emerged with the motivation to develop a low-cost prosthesis 
to allow carry out gripping basic movements for Ecuador citizens that have this 
kind of problem. However, it has been considered a specific case of a person who 
has a birth defect in one hand. It has been diagnosed as metacarpal agenesis, which 
refers to the absence of partial or total of an organ or a tissue of the organism. In 
this case, the absence of fingers. However, the movements of the wrist are 
complete [4]. 

2.   System Description 

2.1.   Description of the elements of the prototype 

The Myo bracelet used in this project has its own processor called ARM Cortex 
M4Processor [5], to process the data of the 8 EMG sensors arranged as a bracelet, 
which thanks to its expandable band adapt to the shape of the forearm. It also has 
a gyroscope, an accelerometer and a magnetometer. 

The standard communication and data acquisition of the Myo bracelet is 
realized by connecting it to a computer, through its USB Bluetooth adapter. This 
concept avoids the possibility of developing a portable prototype and the direct 
connection with other electronic platforms. Therefore, it is necessary to design 
and develop another route of data transmission. Consequently, for this project, an 
integrated Bluetooth 4.0 device with low power consumption has been employed 
[6]. 

The general structure of the software is composed by means of two libraries 
called MyoBridge and MyoIMUGestureController. The first library allows 
bidirectional communication with the Myo bracelet, and the second is responsible 
for reading and recognizing gestures. Besides, the second library contains the 
main program, where the control parameters are established and conditions for 
the generation of movements of the prosthesis.  
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2.2.   Control system architecture 

The control of the hand prosthesis shown in Figure 1 is based on the acquisition 
of IMU and EMG data captured by the Myo bracelet, which is positioned on the 
upper part of the forearm. It communicates wirelessly to a nano-Arduino 
controller card. This controller uses a Bluetooth module with low power 
consumption as an intermediary. The controller card is responsible for processing 
the signals captured by the Myo bracelet and transfers them into patterns of grip 
movements for a 3D printed prosthesis [7], by activating the servomotors.  

The control for grip movements for the hand-held robotic prosthesis 
described in this work is based on the programming of an Arduino Nano board. 
This decision has been taken with the objective to develop a low-cost usable 
prototype and the simple programming language that provides the Arduino 
system. However, the knowledge that will be acquired in this work can be 
extrapolated using other types of electronic devices.  

In addition, it is also considered the suitable motions of the prosthesis for the 
user comfort. The Myo bracelet has pre-established gesture recognition, 
movement tracking and measurement of muscle activity. As has been mentioned 
above, this system uses a Bluetooth 4.0 module in order to transmit and receive 
data in wireless mode. Because most low-power Bluetooth models have a very 
limited feature set, none of these is capable, under its factory state, of directly 
connecting to the Myo bracelet. This problem has been solved by loading a 
custom firmware MyoBridge, with CCLoader program and making the respective 
hardware connections. 

 
Fig. 1. Block diagram with the main components of the system. 

3.   Results 

3.1.   Reading status 

The prosthesis has three LED indicators, a red-LED to show low battery level, an 
RGB-LED shows the gesture and a blue-LED shows reading state. 
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The state of data reading begins with a signal of muscular activity or a 
movement that produce force signals. The reading period it is programmed to be 
active for a lapse of 6 seconds, approximately. It may end or be blocked by the 
same muscle activity signal that was initially performed. For visualization, a blue 
LED is used, which will remain on only in the time of data acquisition. 

3.2.   Gesture recognition 

Although the Arduino serial monitor is a useful tool for visualizing the gesture 
interpreted by the program, it only can use during the simulations. Therefore, 
another way of knowing the gesture that was recognized or not recognized is 
through the RGB-LED indicator, as shown in Figure 2. 
 

 
Fig. 2. Movement patterns and gesture indicators. 

3.3.   Movements of the prosthesis 

Currently, the prosthesis movements are established in response to the registered 
gestures. In this case, it has been registered four movements of signs and five 
movements of grip, as shown in Table 1.  
  
                     Table 1. List of movements of the prosthesis 

Movement Description 

Grip 1 Hold hands 

Grip 2 Hold bottle 

Grip 3 Hold a cup 

Grip 4 Hold mouse (Principal and secondary buttons)  

Grip 5 Hold with index and middle fingers 

Sign 1 Number 1, Point with the index finger 

Sign 2  Number 2, Extension only the index and the middle fingers 

Sign 3 Number 3, Flexion of the thumb and the index finger  

Sign 4 Open hand, extension of the 5 fingers 

 
Next, each one of the established grip movements will be described: 
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 Hold hands: This position is shown in Figure 3(a). It is achieved when 
the little, middle and index fingers are contracted, in order to be able to 
give greetings with a handshake. 

 Hold bottle: This position is shown in Figure 3(b) and is achieved when 
all fingers except the thumb are contracted, in order to hold cylindrical 
objects. 

 Holding mouse: This position is shown in Figure 3(c) and is achieved by 
contracting the little finger, ring finger, and thumb. These fingers in 
conjunction with the support of the palm control the sliding of a mouse 
on a surface flat. In addition, once the person is in this position, two more 
movements are unlocked, i.e., right click with the middle finger and left 
click with the index finger. This grip movement pretends to convert the 
prosthesis into a tool. 

 Hold cup: This position is shown in Figure 3(d) and is achieved by 
contracting the little and ring fingers, so that the middle and index fingers 
are placed in the ear of a cup, then they contract and hold. 

 Hold with index and middle fingers: This position is shown in Figure 
3(e) and is achieved when the index and middle finger are closed to hold 
small objects such as tennis balls, keychains, etc. 

 
The Figure 3(f) shows the prosthesis prototype used by the person with 

congenital malformation. 
 

 
Fig. 3. Movement patterns and gesture indicators. 
 

For gripping movements, a force resistive sensor (FSR) was installed in the 
fingerprint position of the index finger. Its functionality is to allow feedback 



 418 

control loop when the grip has been carried out. As a future work, FSR will be 
installed on all fingers to have new control conditions. 
 

4.   Conclusions 

The control of the hand prosthesis was made by means of Bluetooth 4.0 
communication between the Myo Bracelet and the Arduino Nano card, with this 
the use of cables for the capture of the signals coming from the Myo bracelet 
sensors was eliminated. The reading patterns that the Myo bracelet should read 
are generated from movements of the forearm that are achieved with complete 
naturalness, which represents a great advantage since it facilitates the handling of 
the prosthesis. 

The use of 3D printing technology can easily the manufacture of custom 
prostheses, since most people do not have the same deformation patterns in their 
extremities. In this work, a custom prosthesis has been designed and implemented 
to be used by the person that collaborates with the project. 

The current prototype can perform nine movements, of which four are of 
sign making and five are grip movements. While the printed prosthesis allowed 
to validate the grip movements defined in the control system, this presented any 
drawbacks due to the material used in its printing. The rigid plastic generated 
slippages in most of the textures during the experimental tests using the prosthesis. 

For future works, it will be acquired servomotors with torques higher than 
the current servomotors in order to exert sufficient force on the tendons of the 
hand to move and lift objects with considerable weight. Additionally, the 3D 
printed hand will be cover with special material in order to avoid the slippages. 

Acknowledgements 

Rutty Cedeño, Lisbeth Mena and Ricardo Cajo thank the support of the ESPOL 
Polytechnic University, Ecuador. Hector Montes thanks the National System of 
Researchers of Panama (SNI-SENACYT) by the support to their members. Hector 
Montes also acknowledges support from the Centre for Automation and Robotics 
CSIC-UPM and Universidad Tecnológica de Panamá. 

References 

1. J. Zuniga, D. Katsavelis, J.  Peck, J.  Stollberg, M. Petrykowski, A. Carson, 
and C. Fernandez. Cyborg beast: a low-cost 3d-printed prosthetic hand for 
children with upper-limb differences. BMC Res Notes 8, No. 1, p. 10. (2015) 



419 
 

2. M. D. R. Ahsan, M. I. Ibrahimy, and O. O. Khalifa. Advances in electromyo- 
gram signal classification to improve the quality of life for the disabled and 
aged people. Journal of Computer Science 6(7), 706. (2010) 

3. Thalmic Labs, (Nov. 2015). Meet the Man With a Myo-Controlled Robotic 
Arm. [online] The Lab. Available in: http://developerblog.myo.com/meet-
the-man- with-a-myo-controlled-robotic-arm/ 

4. M.A.  Tonkin, S. K. Tolerton, T. J. Quick, I. Harvey, R. D. Lawson, N.C. 
Smith, and K. C. Oberg. Classification of congenital anomalies of the hand 
and upper limb: development and assessment of a new system. Journal of 
Hand Surgery 38(9), 1845-1853, (2013). 

5. Myo Gesture Control Armband, Myo.com, (2014), [Online]. Available in: 
https://www.myo.com/techspecs. 

6. JNHuaMao Technology Company. Bluetooth 4.0 BLE module, Datasheet. 
(2014). 

7. Flexy-Hand2. Thingiverse.com, (2014), [Online]. Available in: 
https://www.thingiverse.com/thing:380665. 

8. C. Setiawan. Tangan Robot Bionik dengan Kendali Otot Berbasis EMG. 
Journal Tahun, (2015). 

9. F. V. Tenore, A. Ramos, A. Fahmy, S. Acharya, R. Etienne-Cummings and 
N. V. Thakor. Decoding of Individuated Finger Movements Using Surface 
Electromyography. IEEE Trans Biomed Eng. 56(5), 1427, (2009). 
 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
H. Montes et al. (eds.), CLAWAR 2018: 21st International Conference on Climbing and 
Walking Robots and the Support Technologies for Mobile Machines,  
Robotics Transforming the Future 
© ELSEVIER 

ROBOTICS FOR FACIAL RECONSTRUCTION USING 
MEDICAL IMAGES 

JOSÉ SERRACÍN, IVETH MORENO, RONY CABALLERO 

Faculty of Electrical Engineering, Universidad Tecnológica de Panamá, Chiriqui, 
Panama 

HECTOR MONTES  
Faculty of Electrical Engineering, Universidad Tecnológica de Panamá, Panama; 

Robotics of Exteriors and Services Group, Center of Automatics and Robotics, CSIC-
UPM, Spain 

The presented study in this paper deals with the development of a cranio-maxillofacial 
reconstruction system in three dimensions, which will interact with a haptic tool. In turn, a 
specific robot will be controlled using this tool, which it has installed applications 
associated with surgery. The proposed system will help physicians gain pre-operative 
experience, based on reconstructions of three-dimensional images taken from real patients. 
Good results have been obtained, which validate the proposed system.  

1.   Introduction 

This article deals with the topic of cranio-maxillofacial reconstruction using 
medical images in two dimensions (2D) for its reconstruction in three dimensions 
(3D) within a virtual scenario, and the integration of a tele-operated robot by 
means of a haptic joystick. Specifically, it will refer to tests performed with the 
robot in bone machining tasks. In addition, in this work, the results obtained on 
the study and validation of the tele-operated system to perform simulated cranio-
maxillofacial surgeries are presented. 

The main objective of using a robot in maxillofacial reconstruction is to 
propose the use of a system that allows the doctor to obtain hours of effective 
preoperative practices for surgeries. 

 The article is structured as follows: in Section 1, introduction. Section 2, a 
brief state-of-the-art has been introduced. In Section 3, the description of the 
system will be presented. Section4, presents some experimental results. Finally, 
conclusions and future work are presented in Section 5. 
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2.   Background 

Among the most presented cases in the emergency rooms of hospitals in Latin 
America and worldwide, are the traumatic brain injuries (TBI), which are any 
structural or functional injury of the skull and / or its secondary content due to an 
abrupt exchange of energy mechanical [1]. This is a problem with a high incidence 
of mortality and morbidity in patients of productive age, affecting mainly the 
population between 15 to 45 years [2]. The main and most common cause of this 
problem is traffic accidents, with a 75%, approximately. A large percentage of 
survivors of this situation will have disabling sequelae [3], if they have not an 
early diagnosis and an adequate therapeutic strategy. 

In order to help in this type of problem, training programs have been 
implemented to perform laparoscopic procedures, thus acquiring a fundamental 
role in surgical training. This training is intended for either resident doctors or 
surgeons, who wish to practice in new minimally invasive techniques, previously 
to surgery in patients [4]. In these surgical procedures, it has been required to 
change the model of surgical teaching that they had for more than a century of 
use, giving rise to the development and application of new simulation techniques, 
and bringing with them a tutored and optimized teaching, with more dexterity and 
fewer mistakes. In this way, better skills of the trained subject have been 
developed and the risk of subjecting patients to surgical errors and their potential 
subsequent damage is diminished, compared with the classic teaching model [5]. 

The presented study deals with the development of a cranio-maxillofacial 
reconstruction system in three dimensions, which will interact with a haptic tool 
that will also control a robot, with applications associated with surgery, also 
allowing tests with pig bones. The proposed system will allow the surgeon to 
perform preoperative tests in a simulated environment, with images of real 
patients. It should be noted that the surgeon can acquire some certain skills 
through the use of the robot to make more precise and reliable cuts and/or 
perforations.  

3.   Description of the system 

The system that was developed consists of a user interface, which has an 
application which is fed by a stack of real cranio-maxillofacial images in two 
dimensions (2D), for reconstruction to a virtual solid in three dimensions (3D). 
The user interface was developed from the QT4 libraries, which is a cross-
platform application development kit. The interface has a user-friendly 
environment. Through it, imagery files can be imported and, besides, they can be 
configured with the imagery acquired parameters. 
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The images are reconstructed generating a solid in three dimensions (3D), 
using the VTK libraries and visualized in a graphic environment within the 
interface created with QT4. At this point, the virtual representation of the proxy 
(final effector) of the Phantom Omni haptic joystick is added to the rendered 
image. The haptic joystick allows having a force feedback, which helps the 
operator in the control of the end-effector. 

The joystick is in charge of controlling the end-effector of the robot that will 
perform the machining tasks in the bone, such as drilling, roughing, etc. In 
addition, the joystick will give the surgeon a feeling that he is in a real 
environment, guaranteeing the possibilities of a better performance during the 
surgery. 

The robot used in this system was designed and assembled exclusively for 
this purpose. The robot is a two-bar parallel type, with two modular degrees of 
freedom [6], and with all the characteristics of a robot with a parallel structure: 
speed, precision, and small workspace, among others. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Description of the functioning of the facial reconstruction system using robotics. 
 
The operation of the system can be considered in two phases: a first phase in 

which all virtual tests will be performed with the 3D reconstruction of skull-



 424 

maxillofacial images and the haptic joystick, until obtaining the desired 
results; and a second phase in which the joystick controls the end effector of the 
robot to perform tests on solids such as skulls printed with 3D printers or on the 
bones of animals such as pigs. The description of the system is summarized in 
Figure 1, and the interaction between each of the elements that comprise it is 
shown in Figure 2. 

 
Figure 2. Interaction between the elements that make up the complete system. 

4.   Experimental results 

The experimental tests of the proposed system were carried out with pig bones 
(see Figure 3), since this type of bone is very similar to the bone tissues of the 
human being, but stronger. To perform the machining tests on the bones, a drill 
bit placed in the end effector of the robot is approached at a constant speed of 8 
millimeters per second (mm/s), approximately. Once the bone is reached and it is 
touched with the drill, the approach speed decreases to 0.25 mm/s, so that when 
the bone is drilled, no pressure is exerted that could splinter or break the bone 
during the drilling task. 
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Figure 3. Final effector drilling a pig bone 

The force exerted by the end effector on the bone is controlled taking into 
account the feedback obtained from the values of working current measurements 
made to each motor (see Figure 4). The approach speed control system is 
constantly being updated. So, if the currents increase above the maximum 
working current of the motors (around 450 mA), then the approach speed will be 
immediately reduced until the current consumption is maintained within the 
stipulated ranges (see Figure 5). Preventing the bone from fracturing or 
splintering. 

 

 

Figure 4. Measurement of the working current in motor 1 (without speed control). 
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Figure 5. Measurement of the working current in motor 1 (with speed control). 
 

The end-effector speed has been controlled by means of a PID controller. 
This controller has been implemented in LabVIEW, and in the user interface some 
values capture boxes have been placed in order to set the PID control parameters 
in any moment. The objective of this is to correct the approaching speed of the 
end-effector to the bone during the experimental tests. It is clear this manual 
control is only during the firsts experimental tests. 

5.   Conclusions and future work 

The graphics interface presents all the options for an adequate treatment of 3D 
imagery, such as the movements of the solid generated in any direction, 
approaching and moving away from the solid, the making cuts, etc. 

The full system (integrated by the robot with a parallel structure and by the 
haptic tool that in turn serves to control and guide the end-effector of the robot, 
product of the interaction of the haptic tool with the solid generated in 3D 
reconstruction) has given results satisfactory in terms of replication of guided 
trajectories, keeping consonance with the positions and orientations required. 

It is expected as a product of future work the robot meets the requirements 
necessary to perform preoperative exercises of cranio-maxillofacial interventions. 
Besides, it will be created an algorithm, which automatically will generate the 
trajectories that the robot must perform. This will allow integrating surgical 
navigation with a robotic tool in the same application. 
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images captured from a webcam and identifying signal patterns. With this
method it is possible to manipulate simulated multirobots that perform specific
movements. The method consists of the Continuously Adaptive Mean-SHIFT
algorithm, followed by the Threshold segmentation algorithm and Deep Learn-
ing through Boltzmann restricted machines. As a result, an accuracy of 82.2%.

Keywords: Manipulates, multirobots, restricted Boltzmann Machines.

1. Introduction

A line of research and development in robotics that has received atten-
tion in recent years is the development of bio-inspired walking robots1.2

Systems with artificial intelligence are applied in pattern recognition and
can be coupled to manipulable robots, being used in industrial automation,
patrols and territorial surveillance,3 have resulted in systems that can op-
erate on structured and unstructured media,4 through the use of advanced
sensorial feedback mechanisms, making decisions based on learning algo-
rithms and reasoning.

Based on this has inspired the design of manipulation of 4 legs spider
multirobots Figure 4, quadruped simulated, by means of manual gestures.
The Objects of interest that need to be detected and reviewed are coordi-
nated as being processed in real time. The method chosen and implemented
is the capture and detection of regions of interest in the scene. With a pre-
processing for noises reduction in the image acquisition process, the Thresh-
old segmentation algorithm was used. And in the last step is performed the
real-time classification by an artificial intelligence, which consists of a deep
learning known as Restricted Boltzmann Machines (RBM).

The method covered ensures robust coverage in image recognition,5 un-
der certain assumptions that will be clarified throughout the text in robotic
simulation. The developed structure allows the robots to maintain or alter
the formation of the specified trajectories.

The document is divided into 6 sections, in which section 2 is character-
ized by the model of simulated robots used, section 3 consists of kinematics,
follows the formulation of the central algorithm applied in section 4 and the
statistical method to verify the reliability of the used system . The results
after application of the proposal are presented in section 5 and the conclu-
sion in section 6.

2. Quadruped Robot

Locomotion of legs on natural terrain presents complex problems such
as foot placement, avoiding obstacles, load distribution, general stability6.7
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One way to deal with these problems is to use models that describe mathe-
matically the different situations.8 The model adopted has 4 identical legs,
as can be seen in the Figure1.

Figure 1. Quadruped Model

3. Kinematic

Kinematics is the branch of mechanics that studies the movement of
a body or a system of bodies without considering its mass or the forces
acting on it.9Kinematics has two types, direct and inverse kinematics. In
the direct kinematics it is desired to obtain the position and orientation of
the actuator in the Cartesian space of the base, from the positions of the
joints10 .

The inverse kinematics consists of the process of determining the angles
in terms of the coordinates for the desired position of the leg in the Cartesian
system.9

The procedure for obtaining the equations is strongly dependent on the
configuration of the robot.11 The kinematics chosen by the present work is
the inverse, in this case, is obtained through geometric definitions based on
the shape of the leg Figure2, the equations obtained are 1, 2, 3.

Figure 2. Kinematic model of the legs.
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Each leg of the Quadruped Robots is composed of a chain of three links
of freedom Figure 2.The assignment model of the link frame of the links is
based on Denavit-Hartenberg direct geometric modeling algorithm.

The Figure 2 illustrates the leg used for the Robots, in which it has
three joints R1, R2 and R3 respectively. R1 is the point at which the leg is
attached to the body of the robot, L1 represents the "thigh", L2 is called
the "femur" and L3 is the "tibia".

The Table 1 represents the parameters obtained through the application
of the Danavit-Hartenberg method.

Table 1. Denavit-Hartenberg pa-
rameters.

Link ai αi di θi

1 L1 π/2 0 θ1
2 L1 0 0 θ2
3 L1 0 0 θ3

4. Methodology

In this section we will discuss the structure of the adopted system,
the manual gestures chosen, the structure of the algorithm and finally the
method of the classifier analysis.

The structure of the system corresponds to a sequence of steps that will
allow the tracking of gestures in real time. Each step of recognition begins
with algorithms to establish a region of interest, segmenter to reduce noise
and improve classifier processing and lastly the use of the classifier. From
the recognized gesture the robots will execute a certain movement. The
operation of the used algorithm can be analyzed in the Figure 3.
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Figure 3. Flowchart of the proposed method

For the real-time tracking of the object of interest was used the continu-
ously adaptive algorithm CamShift which is an adaptation of the algorithm
of MeanShift. For each captured frame, the original image is converted to
a probabilistic color distribution of the image, which using a histogram
model of the color to be traced.12 In this case, the characteristic color to
be tracked is that of the hand, after having recognized this pattern, the
desired location is made in the scene, and then the segmentation of this as
shown in Figure 4.b.

Figure 4. a) Gestures used. b) Tracking and segmentation the object of interest. c)Used
robots.

Four gestures were used to control the robots Figure 4.a, each gesture
transmits an action to the robots being able to be of two categories, col-
lective or individual. The gesture "G1" conveys a collective action for the
robots which consists of the same ones executing a forward movement move-
ment, "G2" just like the previous gesture transmits a collective action caus-
ing the robots to return to the initial position, "G3" by its Instead it consists
of an individual action that causes the robot from the lower right corner
to move to the center, "G4" transmits an individual action that causes the
robot from the upper left corner to move up to the scepter.

The next step is segmentation. The algorithm chosen to perform this
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stage of the system is Theshold algorithm, in order to reduce the noises
in the image to obtain a greater precision in the classifier. This type of
algorithm is based on the principle that an object of interest in the scene
has distinct quantifiable characteristics, such characteristics as intensity or
magnitude of the gradient.13

This segmentation process is based on the search for pixels whose values
are within the ranges defined as thresholds. From a threshold established
with the characteristics of the objects you want to isolate, the image can
be segmented into two groups: the group of pixels with gray levels below
the threshold and the group of pixels with gray levels above the threshold.
If the value of the pixel is greater than a value stipulated as a limit, it is
assigned a value, in this case it is white, however otherwise, another value
is assigned that is black, the relevance of this method can be seen in Figure
4.b.

The last step is to start the classifier training that will be responsible
for performing the signal recognition. The RBM algorithm was used. In
addition, RBMs can be used as non-linear classifiers and can achieve better
performance compared to conventional neural networks and SVMs.14

A RBM is a stochastic neural network composed of two layers,14 visi-
ble and hidden. The visible units layer represents the observed data and is
connected to the hidden layer, which in turn must learn to extract charac-
teristics of this data. In a RBM neurons of the same layer are not connected
between themselves. Therefore, there is only a connection between neurons
of different layers, so the machine is restricted.

For the RBM classifier, 5685 images were used, which are an adaptation
of the datasets provided by,15 3411 used for training consisting of 60 % of
the total and 2274 images for testing consisting of 40 %. As a statistical
tool we have the confusion matrix,16 which provides the basis for describing
the accuracy of the classification and characterizing the errors, helping to
refine the classification.17

5. Results

Satisfactory results were obtained for each gesture evaluated, worst case,
"G1", with 61% as shown in Table 2. The overall accuracy of the approach
is 82.2%
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Table 2. Confusion matrix

Known G1 G2 G3 G4

G1 61% - - -
G2 - 95% - -
G3 - - 76% -
G4 - - - 92%

Note: Predicted %

Figure 5. Manipulating the robots.

In the Figure 5 is displayed to the real-time evaluation of the method
used in the project, it can be observed that the gesture used is the "G4",
that means that the command is transmitting a collective action, causing
the robots to return to their initial position.

6. Conclusion

This article presents a real-time multirobot control system from robust
and reliable hand signals. In addition, a good accuracy was obtained in the
application of the algorithm chosen to classify the gestures Table 2.

The system presented satisfactory results with regard to real-time video
processing, obtaining analysis and classification of the gestures, in order to
transmit information to the robots, and with this to be performed actions
instantly.

As future work it is suggested to increase the number of gestures, to
test with other classifiers and to implement in real robots.
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This paper describes a group of robots for cleaning a simulated environment
and proposes an efficient algorithm for navigation based on Pathfinding A *.

No need for vision sensors. As a result it was observed that the robots can work

cooperatively to clear the ground and that the navigation algorithm is effective
in cleaning. In order to test its efficiency it was compared the combination of

the Pathfinding A* algorithm and the decision algorithm proposed in this paper

with Pathfinding A* and Euclidean distance, resulted in an improvement in
time and distance traveled.

Keywords: Multi robots; Cleaning; Cooperative work; Navigation.

1. Introduction

The issue of protecting the environment from pollution is necessary and

especially by the fact that natural resources are under threat. The human

impact on the environment is undeniable and can be altered by the use of

autonomous robotics.

Utility companies can benefit by reducing routine work, reaching hard-

to-reach regions, and can perform service at scheduled times.1 During har-

vesting, the robot moves independently on the given surface, removing

garbage from it. Having found an obstacle in the way, the robot decides

a method to overcome it based on special algorithms.2

The type of autonomous system to be developed takes into account the

possibility of combining several simple yet functional techniques that are

already known in the literature to solve the problem of having mobile agents

identify and follow to soar, dirty target.

In the project it is proposed to use Breadth First Search (BFS) to do

the mapping using the target pattern. This target will be arranged in a

plane position and orientation environment, so the Euclidean distance is

used to plot the route. Based on these readings the positioning control

would be applied so that it can follow the target within the environment.

A comparison was made by merging the navigation algorithm Pathfinding

A *, Euclidean distance and the algorithm proposed in this work with

Pathfinding A *, Euclidean distance.

The document is divided into 5 sections, in which section 2 is charac-

terized by the contextualization of the work. It follows the methodology

applied in section 3. The results after the application of the proposal are

presented in section 4 and the conclusion in section 5.

2. Contextualization of work

Surface cleaning robots are environmental protection equipment used pri-

marily to collect garbage. According to the task requirements, they can be
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used to monitor the environment of parks, orchards, squares and accumu-

lating information through sensors and performing dangerous operations

such as search and rescue. They are also important tools in assessing en-

vironmental pollution, providing warnings and disaster prevention, which

provides enormous economic and social benefits in addition to possible po-

tential applications34.5

One of the potential applications is in the work of6 that a vacuum

cleaning system is proposed integrated with a fuzzy inference system to

improve the accuracy of the system. In7 a system of automatic control of a

room cleaning robot with cellular control capability using DTMF with the

ability to avoid self-controlled obstacles, together with a system of cleaning

of residues and dust is developed.

In8 proposes an improvement in cleaning efficiency not because of ob-

stacles and route planning. To solve this problem it develops a localization

algorithm with the use of stereoscopic vision and wireless network. The use

of multirobots for optimization of activities has been expanding9 and in10

a multi-area cooperative cover is applied to develop complex tasks where

multiple robots are required to cover together in several areas. Practical

operations such as garbage removal, demining and area scanning for infor-

mation acquisition.11

Based on this information a work was developed with the objective

of constructing a group of robots in which the agents are able to share

cleaning workloads automatically and in an intelligent way. In addition, it

is programmed to detect obstacles around it and control the robot to avoid

collisions. The metology adopted is detailed in the following section.

3. Methodology

In this article, the game engine, Unity 3D, was used as the simulation

environment for natively presenting robust features for the development of

the12 simulation environment, as shown in figure 1.

The figure 1 (b) represents the area of action and division of the map-

ping, in quadrants of 50 x 50 meters and each agent is circled in blue. At

this stage they are responsible for traversing the quadrant, analyzing and

storing the location where it contains dirt particles. The mapping route of

an agent in the lower left quadrant, in red color, is also demonstrated.

Communication between the robots was done through sockets.13 As a

search algorithm for mapping, BFS14 was chosen to go through the quad-

rant, we can check the route in the 1 (b) figure. Next, a navigation mesh will

be generated, figure 1 (a), and routes to the dirt points. At each frame the
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(a) (b)

Figure 1.

agents calculate (algorithm 3.1) the closest point, this point must belong

to only one agent.

A navigation mesh (NavMesh) has been created that consists of several

two-dimensional convex polygons and defines which areas of an environ-

ment are likely to be traversed by agents. In other words, an agent can

move within these unobstructed areas of the environment and Agents in a

NavMesh can avoid collision detection checks with obstacles in the environ-

ment.15

NavMesh allows a large number of algorithms to search for graphics,

and the algorithm discussed in this work was Pathfinding A* in each of the

agents.16 In the figure 1 (a) in blue, represents the finished mesh.

The algorithm Pathfinding A* is an algorithm capable of finding the

shortest path,17 it uses a function to determine which squares to traverse,

according to equation 1.

f(n) = g(n) + h(n) (1)

Where g is the cost of moving from a starting point to a given square,17

oh (n) is the cost estimate of the ideal path from node n to destination.17

3.1. Control Algorithm

A priori is divided into two parts, mapping and cleaning. The BFS is the

algorithm responsible for guiding the next point that the agent must follow

in the mapping phase. The points were divided in the quadrant area and

allowed to travel in a larger area. In order to perform the cleaning, two
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algorithms were used, one for navigation Pathfinding A* and the other,

algorithm 3.1, for point selection. A test without the algorithm 3.1 was also

performed to evaluate the performance of the algorithm.

In conjunction with the algorithms, a decision method was proposed,

which evaluates the most advantageous point that the agent should move,

to carry out the cleaning. It calculates the distance of all mapped points

and takes the closest one. Subsequently, the distance of the other agents is

calculated to the chosen point, if only the agent in question is the shortest

distance, is moved to the point, otherwise it picks up another nearby point

and remakes the calculation. The method described is represented in the

3.1 algorithm.

The actions are shown in the flowchart, Figure 2, demonstrates the

operation of the two steps described, mapping and cleaning, it is possible

to verify that the agent always checks if there are still points that need

cleaning, the algorithm 3.1.

Algorithm 3.1 Method of decision

1: procedure NextPoint(agent, point)

2: a← ShorterDistanceThisAgent

3: b← ShorterDistanceOthesAgents

4: if a < b then return nextPoint . Check if it’s the closest

5: else return nextInitial . Return to starting point

4. Results

In this section we present the performance of the algorithms, mapping and

control. In the tables 1 and 2, the time each agent finished cleaning, the

amount of dirt points collected and the distance traveled are represented.

Based on the results obtained, represented in the tables 1 e 2, the algo-

rithm 3.1 presents a gain in time and distance, representing a differential

of 91.46 seconds faster and a saving of 482.77 meters.

The use of the BFS mapping algorithm in conjunction with Pathfinding

A* has been shown to be efficient, since the function of BFS is to ensure

that the search is linear, but since the scenario has the presence of obsta-

cles it was necessary to integrate the two for better efficiency. In the tests

performed the agents were able to map the area and find all points.
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Figure 2. Control software flowchart

Table 1.

Agent Time Collected dirt Travelled distance

5000 29.24 s 42 241.45 m
5001 35.45 s 49 295.57 m
5002 34.48 s 37 319.65 m

5003 27.16 s 40 242.17 m
Total 126.33 s 167 1098.84 m

Note: Pathfinding A*, algorithm 1
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Table 2.

Agent Time Collected dirt Travelled distance

5000 54.61 s 36 367.47 m
5001 54.52 s 39 438.39 m

5002 53.97 s 36 393.44 m

5003 54.69 s 56 382.31 m
Total 217.79 s 167 1581.61 m

Note: Pathfinding A*, Euclidian Distance

5. Conclusion

In this article we have demonstrated the use of algorithms already known

in the literature in the aid of autonomous robotics, the agents were able to

clean, map, route routes and avoid obstacles. Because it is more than one

agent, a combination was proposed in the algorithm of navigation Pathfind-

ing A * with algorithm of decision based on Euclidean distance, as a result

obtained an improvement in the time performance and distance traveled.
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The research and development focused towards autonomous vehicles has grown quickly 
and progressively, in search of a more efficient, safe and clean future. Thus, is necessary 
to consider: cooperation between multiple (2 or more) vehicles, security measures, 
priorities, among others. Under this framework we present a design of predictive controller 
for the management of cooperative maneuvers, considering safety, efficiency and comfort 
in driving, as well as a series of physical limitations of the vehicle, all this to obtain a speed 
profile that guarantees the optimal execution (locally) of the maneuver. 

1.   Introduction 

Recent research suggest that Intelligent Transportation Systems aim to be the 
standard mode of transportation in the future, and for that to be possible we need 
to focus the investigation on real world scenarios, taking into consideration the 
complexity of multi-vehicle transit and its multiple variables. Within that 
framework we propose a solution to the problem where the vehicles must execute 
cooperative maneuvers. Several lines of research consider predictive control 
strategies for the resolution of this type of problems, because of the advantages 
that it presents in terms of handling constraints. Li et al [1] propose a trajectory 
tracking of mobile robots. [2] shows how MPC handles the steering of mobile 
robots in conjunction with visual processing. Recent works like the ones of 
Riegger et al [3] and Nordell [4] present centralized solutions for vehicle 
intersections and overtaking maneuvers. In this work a predictive control system 
is used in a distributed manner, similar to [5], where each agent has an MPC that 
contributes to the generation of a speed profile that allows the successful 
execution of the maneuver. The methodology of modeling the maneuvers inside 
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the predictive controller is introduced as a novelty, meaning that is the 
maneuver state as a whole what is calculated at each instant.  

2.   Modeling 

For simplicity reasons, the following considerations are taken: (1) scenarios are 
design with two autonomous vehicles, (2) the vehicle trajectories are defined, (3) 
fully working vehicle to vehicle communication is present, (4) the information 
shared at time t is available to the other vehicle at time  t + k. The point-mass 
model in Eq. (1) will be used. 

ሶݔ ൌ ݒ
ሶݒ ൌ ܽ
ሶܽ ൌ ݎܬ

ሺ1ሻ 

2.1.   Intersection maneuver 

The aforementioned model is manipulated to generate a system of differential 
equations that describe the maneuver, first, the X distance between vehicles 
through the point of the intersection (collision point) is calculated. 
 

ܺ ൌ ݀ଵ 	݀ଶ	 ሺ2ሻ 
 

Expanding the point-mass model, a system of relative states is found in Eq. 
(3), where X is the distance between vehicles, V is the relative velocity and A is 
the relative acceleration. This model is used for the state predictions, treating the 
maneuver state as a whole.          	 ሶܺ ൌ 	 ଵݒ  ଶݒ

ሶܸ ൌ 	 ܽଵ  ܽଶ
ሶܣ ൌ 	 ଵݎܬ  ଶݎܬ

	 ሺ3ሻ 

2.2.   Obstacle avoidance. 

The vehicles are in opposite lanes of the road and one of them must occupy the 
lane against-flow momentarily to continue on its way. The X distance is calculated 
considering a safety barrier, as proposed in [6], placed at a distance that depends 
on the maneuver speeds, initially at 3L of the, where L is the length of vehicle 1. 

2.3.   Maneuver parameters 

The parameters represent the MPCs variable constraints; First of all, we must 
ensure that the vehicles do not collide, maintaining at least a minimum safety 
distance between them: 

ܺ൫ݐ  ݇หݐ൯  	ܺ௦	൫ݐ  ݇หݐ൯	 ሺ4ሻ 
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(t + k | t) being the predicted instant t + k calculated in t by the MPC using 
Eq.3 and previous values as inputs. Additionally, for efficiency reasons we want 
this to happen as close as possible to a reference speed : 
 

0	 ൏ ݐ൫	ଵݒ	  ݇หݐ൯ 	 	 ݐ൫ݒ  ݇หݐ൯	 ሺ5ሻ 
        
Velocity constraint written in terms of V: 
 

ݐଶ൫ݒ  ݇หݐ൯ ൏ 	 ൫ܸݐ  ݇หݐ൯ ൏ ݐ൫	ݒ	  ݇หݐ൯ 	ݒଶ	൫ݐ  ݇หݐ൯	 ሺ6ሻ 
 
 

 
Figure 1. Intersection maneuver 
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Figure 2. Obstacle Avoidance maneuver 

 
       Finally, considering driving comfort, violent accelerations and decelerations 
are limited, resulting in the following constraint: 
 

ܽ୫୧୬൫ݐ  ݇หݐ൯ 	ܽଶ ൏ ݐ൫ܣ	  ݇หݐ൯ ൏ 	ܽá௫൫ݐ  ݇หݐ൯  ܽଶ	 ሺ7ሻ 

3.   Predictive controller 

The function of the MPC is to obtain a control signal, ensuring that all the 
conditions are satisfied and that the system variables remain within their limits. It 
is proposed: (1) the MPC Prediction Horizon, (2) the cost function for 
optimization, and (3) the control input ݑሺ௧ሻ of the system. 
        At the top speed of 20Km/h the test vehicle, a Renault Twizy, takes 14 meters 
to stop, a horizon of 10 samples at 300ms is chosen, thus, making predictions for 
the next 17 meters of travel, enough for an emergency stop. The cost function has 
the objective of minimizing the mean square error of the current speed with its 
reference: 

ܬ ൌ 	ቀ݂݁ݎݒ൫ݐ  ݇หݐ൯ െ ݐ൫ݒ	  ݇หݐ൯ቁ
2

10

ൌ0ݐ

	 ሺ8ሻ 

 
       The jerk is chosen as control variable, with the only purpose of taking comfort 
into consideration, forcing the system to make its predictions within comfortable 
jerk values. This system is proposed as a high-level controller and its output is not 
used for further stages, the MPC predictions are instead, they guarantee that the 
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predicted values of V comply with the maneuver requirements, so they are 
used as a reference for the lower level controllers as a maneuver speed profile. 
Generally, this type of MPC is applied as a centralized maneuver solving unit, 
where every agent sends its information and then receive the speed profile. In this 
case each vehicle has an MPC, at each timestep every vehicle shares it information 
to the other so that the optimization problem can be solved locally, reducing the 
computational load on the computer and making the system more robust in case 
one vehicle malfunctions. Additionally, if each vehicle is programmed to meet the 
condition of safety distance, it is necessary to implement priorities. This decision 
system is based on the calculations of reaction distance and breaking distance 
proposed in [7] [8], reducing it to the point of granting a higher priority (the value 
of zero) to the vehicle that has less reaction time. 

4.   Results 

The vehicles are set to collide, giving priority to vehicle 1, which results in the 
lifting of its MPC constraints. The MPC on vehicle 2 predicts that a safety 
violation will occur and generates a speed profile that reduces velocity as shown 
by the blue curve in Figure 3.  
 

  
Figure 3. Speed curves. Vehicle 1 has priority. 

 
          Safety distance was modified to values of 10m, 20m and 40m, the curves 
shown in Figure 4 demonstrate how the controller executes the corrective actions 
earlier in time while the safety distance is increased. Both curves stabilize at 5.5 
m/s which corresponds to the reference value, meaning that the optimization of 
the cost function is done correctly. Also, is shown in both figures that the variables 
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are within their bounds at all times, meaning that the constraints are being 
respected by the MPC calculations. 
 

 
Figure 4. Speed curves at different safety distance values. 

5.   Conclusions and future works 

Predictive controllers, together with the other modern control strategies, present 
promising results in terms of control systems, showing the advantage they have 
over other strategies. Its relative ease of modeling in MIMO systems, the 
robustness of applying corrections to future errors and the distributed approach 
are essential characteristics for a real-time application such as autonomous 
vehicles. Regarding future work, an extension of its scope is considered, that is, 
the design of a controller that involves maneuvers of more than two vehicles, the 
inclusion of external agents in the cost function and, in general terms, search for 
the application of this strategy in all maneuvers that the vehicle can perform. 
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This paper presents investigations into wireless localization techniques for mobile robots 
operat-ing in indoor environments. Localization systems can guide robots to perform 
different tasks such as monitoring children or elderly people, aid mobility of the visually 
impaired and localize mobile objects or packages in warehouses. They are essential for 
localization of robots operating in re-mote places that are inaccessible or hazardous to 
humans. Currently, ultra wide band (UWB) in indoor environments provides an accuracy 
of 24 mm under line of sight (LOS) or non-line of sight (NLOS) conditions in a working 
range of 160 m indoors. The work presented in this paper carries out experimental 
validation of localization algorithms using mobile robots and UWB signals. These are 
measured in LOS and NLOS environments. The measurements are performed with the 
UWB radio PulsON 410 (P410) and mobile robots (AmigoBot) with maximum travel-ling 
speed of 1 m/s and equipped with an on-board computer, sonar, odometer, camera and iner-
tial navigation system. Experimental results obtained for the system show positioning 
errors of less than 55 mm. 

1.   Introduction 

In recent years, ultra wide band (UWB) technologies have drawn significant 
interest in the wireless community [1]. The UWB is a generic term used to identify 
a radio technique that has been tested under different names since the mid-
twentieth century such as impulse radio, carrier-free radio, baseband radio, time 
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domain radio, non-sinusoid radio and wide bandwidth on the radio. It was not 
until 1990 that the U.S. Department of Defense introduced the term UWB. UWB 
localization is superior in terms of accuracy and power consumption compared 
with general positioning system (GPS) and wireless local area network (WLAN) 
localization. It is thus more suitable for indoor location-based applications [2]. 

Currently, the great flexibility of UWB technology (variable bit rates, 
multiple modulations, low power consumption, low cost, etc) provides the 
opportunity for the emergence of new types of network that are pervasive and 
reconfigurable. Typically, sensor networks and distributed networks that require 
no infrastructure or limited infrastructure could eventually be made up of a large 
number of low cost UWB devices that understand an environment, that can adapt 
to it and operate autonomously. New requirements for localization have emerged 
in recent years. These requirements, which relate mainly to indoor environments 
(inside buildings), require precision and a quality of unmatched service 
(availability, reliability, sustainability, independence, continuity, etc).  Many 
applications and services have emerged whose effectiveness depends mainly on 
localization performance. Representative examples include localization and 
monitoring of goods and people in buildings and / or areas at risk, institutional or 
opportunist looking for victims on the scene of disasters (fires, earthquakes, 
avalanches, etc), identification, operational monitoring of military urban guerrilla, 
supervision of prisoners etc., applications in industry telecommunications 
transport, and the medical sector. 

A position location technique involves two steps: the measurement of relative 
distances (ranging) and positioning based on the measured ranges. The received 
signal strength (RSS), time difference of arrival (TDOA), angle of arrival (AOA) 
and time of arrival (TOA) are the four commonly used ranging techniques. 
Among these RSS and TDOA are of more interest with UWB. 

Earlier studies have indicated that TDOA and RSS techniques are the best 
choices for indoor and outdoor localization. RSS localization techniques have 
been widely studied as an inexpensive solution for wireless indoor positioning 
systems in recent years. The RSS technique is, however, not always reliable, 
because the estimate of the distance depends on several factors such as the absence 
of a direct signal path, fading due to multipath, the channel characteristics and the 
distance between reference points. The TDOA technique is suitable for indoor and 
outdoor systems due to its high accuracy and low computational complexity. 

To achieve the objective, the accuracy of indoor localization with UWB using 
TDOA experimental measurements was analysed with experiments using 
AmigoBot mobile robots and Time Domain PulsOn 410 radio 
transmitter/receivers. The experiments were conducted using UWB signals 
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measured in line of sight (LOS) and non-line of sight (NLOS) environments 
and for location estimation the TDOA algorithm was used. The measurements 
were made with the UWB radio PulsON 410 systems tracking mobile robots 
(AmigoBot’s) that were equipped with an on-board computer, sonar, odometer, 
encoder, camera and an inertial navigation system. These tests were done in an 
indoor environment with the AmigoBot robot programmed for different motion 
trajectories e.g. in a straight line, curved line, rotation, and return to the starting 
point (the coordinates of the reference point (0, 0)). The tests were repeated 
several times and UWB localization compared with measurements made by the 
AmigoBot robot’s own localization system. 

The experimental tests conducted many times showed that the UWB accuracy 
is very good with the positioning error between 24 and 55 mm with the error never 
exceeding 55 mm with a working range of 160 m. The difficulty of obtaining a 
very accurate positioning system is due to NLOS propagation conditions. The 
localization error increased with longer robot travel distance. Results indicate that 
a system that uses UWB gives much more accurate position measurement in 
indoor environments than other localization techniques (which are mostly applied 
in outdoor environments). UWB TDOA measurement should be used to locate 
devices because of low cost, low power consumption and little computational 
complexity and precise positioning capability. Hence, UWB TDOA systems are 
suitable for applications such as monitoring children or elderly people, visitor 
management, enforcing restricted zones, security and asset tracking.  

2.   Materials 

The TDOA algorithm is validated by using UWB signals measured in LOS and 
NLOS. These are measured by using the PulsON 410 system, which is formed by 
tags (transmitters / receivers) supplied by the Time Domain corporation. The 
localization techniques used by the Amigo robots (AmigoBot) are used to 
compare the position measurement with UWB for accuracy. 

The AmigoBot contains all of the basic components for autonomous sensing 
and navigation in a real-world environment, including battery power, drive motors 
and wheels, position/speed encoders, sonar range-finding sensors, and integrated 
accessories, all managed via an on-board micro controller and mobile-robot server 
software. In this study, UWB sensors are used to find and track multiple moving 
robots in an indoor environment. Four P410 sensors are employed each fitted with 
a UWB transmitter and a UWB receiver. The sensors use different code channels 
to prevent interference and to reduce the effects of multipath signals at the 
receiver. An environment scanning phase of thirty minutes duration is employed 
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as a reference to determine signals reflected from non-stationary targets. UWB 
pulses are transmitted from the sensors at every millisecond by the transmitter and 
all reflected signals picked up by the receiver. UWB signals are characterized by 
the transmission of a few nanosecond duration pulses [3, 4, 5]. They have very 
high time resolution and localization precision, which make UWB sensors an 
ideal equipment for short-range radar sensor network applications [6, 7]. In this 
study, UWB sensors are employed for detecting and tracking multiple moving 
objects in an indoor environment in the context of passive localization [8, 9].  

In the experiments, there are four sensors (fixed nodes), which are constantly 
transmitting signals, and the reflected signals from a robot moving in an indoor 
environment are collected by each of these sensors and four different experiments 
are performed. 

TDOA needs to have a direct path, time synchronization is required between 
pairs of base stations and this needs high temporal resolution at the receiver and 
the technique is accurate.  

The frequency band allocated by the FCC to UWB ranges from 3.1 GHz to 
10.6 GHz in single band or multiband, except for the strip of 5 to 6 GHz, which 
is the UNI band (Figure 2) and is reserved for industrial testing, scientific and 
medical applications.  

 

 
Figure 1. Illustration of the spectrum of UWB signal versus narrowband signal. 
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Figure 2. The different systems in ultra-high and super high frequency band. 

 
The PulsON 410 transmitters and receivers equipment used for the 

experiment is the time domain P410 module, which is a small, low power UWB 
sensor device, and provides a very good accuracy, high rate range measurements 
and superior operational performance when compared to conventional radio 
frequency identification (RFID) and real-time locating systems (RTLS). P410   
system consists of tags (transmitters / receivers) of the American firm Time 
Domain as shown in Figure 3. 

 
Figure 3. Three PulsOn 410 UWB sensors (each PulsOn 410 is in an enclosure). 

The AmigoBots shown in Figure 4 are small robots developed by Adept 
Mobile Robots for research and education purposes. Each AmigoBot has a two-
wheel differential drive system with a rear-stabilizing wheel. It senses the 
environment through an array of eight sonar sensors [10]: six at the front and two 
at the rear, all of which detect the robot's proximity to its environment. The sonar 
sensors detect objects in their path at distances between approximately 15 mm to 
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6 metres. Extremely close objects, less than 15 mm, are seen by the sensors as 
being equivalent to over 6 metres away. An omnidirectional vision system allows 
the robot a 360-degree field of vision [11]. The sonar-firing rate of AmigoBot 
sensors is 25 Hz with distance measurement data sent wirelessly to other devices.  
The AmigoBot is also fitted with an internal coordinate system. It has two 
encoders, one fitted to each motor shaft and these are used as odometer to estimate 
the robot’s position and orientation relative to its starting position. This gives a 
precise localization in a mapped space using robot odometry combined with laser 
rangefinder data implemented by the Advanced Robotics Navigation and 
Localisation (ARNL) laser localization library, and navigation software 
program along with mapping software tools and a laser rangefinder. 

 
Figure 4. Two Amigo robots mounted with P410 in a testing environment. 

3.   Estimation of TDOA and measurement environment 

To estimate TDOA with UWB, the signal is measured in both LOS and NLOS 
environments. Four antennas are connected to each channel of a laptop using 
wireless communication. The method of measuring the TDOA is equivalent to the 
measurement of TOA but without requiring knowledge of the initial time 0t .  The 
exact position of each node is known. Figure 5 shows the measurement system 
used in the experiments. The measurement system displays the time stamp 
(consecutive measurements updated every second), range and velocity 
information. Nodes 100, 104, 105 and 106 are fixed nodes while 107 is a mobile 
node and node 100 is regarded as node of reference. 
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The measured signals indicate that there are signals coming from the 
relative time of arrival multipath between received pulses as shown in Figure 6. 
It can be found from Figure 6 that the first arriving pulse is the first waveform 
(between points 180 and 249) and the two later arriving waveforms (between 
points 250 and 299) and (between points 300 and 350) are multipath reflections. 
Examining the received signal in Figure 6 shows that the shape of a Gaussian 
signal is derived twice as a modulating sinusoid, which in turn shows the effect 
of the derivative of transmitting and receiving sensors. 

Figure 6 illustrates an example of a bandpass signal at sixty picosecond 
increments relative to the initial point. For each measurement set and for each 
sensor, the filter is applied to the bandpass signal, and the motion-filtered signal 
is brought forth. The points of the motion-filtered signal correspond to possible 
target distances as can be noted in Figure 6. This clearly shows that the first 
arriving pulse is the first waveform (between points 180 and 249) and the two 
later arriving waveforms (between points 250 and 299) and (between points 300 
and 350) are multipath reflections. 

 
Figure 5. Mechanism of localization with the device descriptions. 

The range measurement in mm 

Node 104 
Node 105 Node 100 

Node 106 

Node 107 

AmigoBot robot 
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Figure 6. Bandpass signal. 

4.   Mechanism of localization 

The mobile robot is localised using the setup and equipment shown in Figure 5. 
This comprises fives PulsON 410 (four fix nodes and one moving node (robot)), 
the AmigoBot robot, a laptop and laser rangefinder.  The mobile PulsOn 410 is 
mounted on an AmigoBot robot and four receiver antennas are fixed nodes. 
Furthermore, the receiving antennas are connected to the receiver wirelessly. In 
addition, the receiver is connected to the laptop through the Ethernet connection 
to transfer the received signals for processing.  

5.   Experimental results 

The measurements taken were recorded on a laptop and processed. The processed 
data contain the time stamp, range and velocity information, although the only 
important information is the fact that these are consecutive measurements with an 
update rate of every millisecond. Several 2D tests were performed using nodes 
100, 104, 105, 106 as fix nodes and a mobile node 107 (here the node 107 is 
carried on the back of the Amigobot is a programmable robot) in all experiments. 
Figure 7 illustrates the initial geometry measurement with just two fix nodes and 
a mobile positioned at (0, 0). The figure shows comparison with the extracted x 
and y results from the AmigoBot robot system, so the UWB based localization 
results can be identified. Figures 8 and 9 show the two signals received by two 
different nodes (nodes 105 and 106). 

For the node 105, the antennas were very close to the transmitter and for the 
second node 106, the antennas were distant from the transmitter. Figure 9 shows 
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that PulsON 410 had high resolution than in Figure 8 and the signals were 
sampled at sampling period of 1.4073 nanoseconds. 

To evaluate the performance of the TDOA estimation algorithm and the 
localization algorithm, the mobile node 107 was selected and AmigoBot robot 
containing thousand positions. Ten measurements of the received signal for each 
position were performed, having thirty TDOA position values. The measurements 
were conducted in an indoor environment of dimensions 15 m × 8 m × 3 m, with 
block walls, large glass windows, two doors, tables, concrete floors, ceiling, 
wooden and metallic furniture. The estimation results achieved in the tests of 
UWB and AmigoBot robot are shown in Figures 10, 11, 12 and 13. During the 
experiments, the robot drove from a point A to point B, and in the last test, the 
robot drove from A to B, returned to A, and for safety reasons all experiments 
were conducted inside the lab. Table 1 shows positions of UWB nodes with 
corresponding estimated errors.  

 
Figure 7. Initial geometry in a testing environment. 
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Figure 8. Received signals from node 105 and a bit close to the transmitter. 

 
Figure 9. Received signals from node 106 and a bit far from the transmitter. 
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Figure 10. Test 1- positioning of the mobile robot using Odometry & orientation sensors and UWB 

from point A to B. 

 
Figure 11. Test 2- positioning of the mobile robot using Odometry & orientation sensors and UWB 

from point A to B.  
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Figure 12. Test 3- positioning of the mobile robot using Odometry & orientation sensors and UWB 

from point A to B.  

 
Figure 13. Test 4- positioning of the mobile robot using Odometry & orientation sensors and UWB 

from point A to B and from B to A. 
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Table 1. Position of UWB nodes with the estimated error in mm accuracy. 

Connected Node Distance from Node 107 in 
mm 

Estimated error in mm 

100 4739 55 
100 8247 55 
100 3023 55 
100 1884 24 

6.   Conclusion 

Experimental investigations have been conducted using UWB signals measured 
in LOS and NLOS environments for location estimation using the TDOA 
algorithm.  A new measurement scheme has been proposed for improved 
localization through performance assessment and validation of the use of UWB 
signals measured in LOS and NLOS indoor environments. The experimental tests 
have shown that the UWB accuracy is very good with the positioning error 
between 24 and 55 mm, and the error not exceeding 55 mm. The localization error 
increases with longer robot travel. Results indicate that a system that uses UWB 
gives much more accurate position measurement in indoor environments than 
other localization techniques. UWB provides an accuracy indoors of less than 55 
mm error with a working range of 160 m. The difficulty of obtaining a very 
accurate positioning system is due to NLOS propagation conditions. The use of 
UWB TDOA measurement is thus recommended for localisation because of it low 
cost, low power consumption and low computational complexity and precise 
positioning capability. 

To improve the UWB localization technique in wireless sensor networks in 
indoor environments, its performance should be evaluated with the objective of 
proposing new measurement schemes that improve localization and use this 
information to perform simultaneous localization and mapping (SLAM) to 
navigate robots to perform cooperative tasks in inspection and non-destructive 
testing of large safety critical infrastructures. More sophisticated state estimation 
algorithms such as particle filters using Monte Carlo methods may give more 
accurate tracking of mobile robots. 
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