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Preface

ISRM 2015, IFToMM International Symposium on Robotics and Mechatronics, is
the fourth event of a series that started in 2009 as a specific conference activity on
robotics and mechatronics. The first event was held at the Hanoi University of
Science and Technology, Vietnam in September 2009, the second was held at
Shanghai Jiao Tong University, Shanghai, China in November 2011, and the third
was held at the Nanyang Technological University, Singapore in October 2013.

The aim of the ISRM symposium is to bring together researchers, industrialists,
and students involved in a broad range of disciplines related to Robotics and
Mechatronics, in an intimate and stimulating environment in order to disseminate
their results and to exchange about future works, trends, and challenges.

ISRM 2015 received more than 40 papers, and after careful review with at least
two reviews for each paper, 31 papers were considered suitable for publication in
this book and were presented in the conference. The oral presentations were
organized into a 2-day conference with seven technical sessions held from 24 to 25
June in University of Poitiers, France.

The ISRM 2015 proceeding presents state-of-art research findings in robotics
and authored mainly from the IFToMM community from China, France, Greece,
Italy, Kazakhstan, Mexico, Morocco, Russia, Singapore, Spain, Taiwan, Tunisia,
and United States of America. Major topics of the papers are related with robotics
and mechatronics, including but not limited to: mechanism design, modeling and
simulation, kinematics and dynamics of multibody systems, control methods,
navigation and motion planning, sensors and actuators, bio-robotics,
micro/nano-robotics, complex robotic systems, walking machines, humanoids,
parallel kinematic structures: analysis and synthesis, smart devices, new design,
application, and prototypes.

In conjunction with ISRM 2015, a technical day “Open and Collaborative
Robotics” was held. The aim was dedicated to highlight developments and research
advances in industrial robotics and automation, covered by industry professionals,
professors, and researchers working on collaborative robotics issues. This technical
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day was co-organized by B&R Automation and Pprime institute of the University
of Poitiers on Tuesday 23 June at the Futuroscope campus in Poitiers

We would like to express grateful thanks to the members of the current
International Scientific Committee for ISRM Symposium for cooperating enthusi-
astically for the success of the 2015 event:

I-Ming Chen (Singapore) as Chair of the IFToMM Technical Committee on
Robotics and Mechatronics

Marco Ceccarelli (Italy)
Feng Gao (China-Beijing)
Manfred Hiller (Germany)
Qiang Huang (China-Beijing)
Shuo-Hung Chang (China-Taipei)
Nguyen Phong Dien (Vietnam)
Lotfi Romdhane (Tunisia)
Yukio Takeda (Japan)
Min-June Tsai (China-Taipei)
Nguyen Van Khang (Vietnam)
Saïd Zeghloul (France)
Teresa Zielinska (Poland)

We thank the authors who have contributed with very interesting papers on
several subjects, covering many fields of Robotics and Mechatronics and addi-
tionally for their cooperation in revising papers in a short time in agreement with
reviewers’ comments. We are grateful to the reviewers for the time and efforts they
spent in evaluating the papers with a tight schedule that has permitted the publi-
cation of this proceedings volume in time for the symposium.

We thank University of Poitiers, in particular, the Fundamental and Applied
Science Faculty, for having hosted the ISRM 2015 event.

We also thank the support of International Federation for the Promotion of
Mechanism and Machine Science (IFToMM). The symposium received generous
support from local sponsors, namely the University of Poitiers, The Grand Poitiers,
The Poitou-Charente region, and the industrial partner B&R Automation, which
were critical to make this symposium of low registration cost possible.

We thank the publisher Springer and its Editorial staff for accepting and helping
in the publication of this Proceedings volume within the book series on Mechanism
and Machine Science (MMS).

Poitiers Saïd Zeghloul
June 2015 Med Amine Laribi

Jean-Pierre Gazeau
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A Study of Structural Stress Analysis
of Reducers for Supporting Reliability
Design

Yuo-Tern Tsai, Kuan-Hong Lin and Kuo-Shong Wang

Abstract Reducer is extensively used in many devices for speed reduction of
rotational motions. It must possess the properties including high rigidness, large
reduction ratio and structure compactness when it is applied in robots. This paper
presents an innovative design for reducers based on differential displacements of
deceleration gears for satisfying the above properties. The structural stresses
including vibration frequencies of the reducer are analyzed using Finite Element
Methods (FEM) to observe the designed weaknesses of the related components.
The kinematic characteristics of the reducer are simulated by SolidWorks motion
analysis to identify the accuracy of the mechanisms. The geometric models are
leaded into ANSYS to analyze the structural stresses and the vibrations. The ana-
lyzed results are further integrated with probabilistic theories to perform reliability
design for the reducer. The studied results can provide useful information including
the allowed loading and the reliabilities for the high speed-reduction reducer in
using.

Keywords Reducer � Reliability � Stress and vibration
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1 Introduction

Robots play a critical role on automatic production and are more and more common
in industrial applications. The movements of robots usually require positioning
accuracy, geometric agility and wide ranges of speed and torque changing to meet
the needs of different working conditions [1]. The reducer (speed-reduced mech-
anism) is a key component of robots which is put on the joint axis for reducing the
rotational speeds of motors. It must own the properties of high reduction ratio and
small volume due to the function requirements and the geometric constraints of
robots. The harmonic gear decelerators were commonly used in many robots in the
past because it owned the properties required by the robots. The website introduces
the information of the harmonic drivers [2]. The existed problems of harmonic gear
decelerator are the transmission torques limited due to the flexible design of the
transmitted mechanisms [3] although it possessed high reduction ratio and structural
compactness. To satisfactory the properties of high rigidness, large reduction ratio
and structure compactness, an innovated design named as Differential Reducer
(DR) is presented in this paper.

The kinematic characters and the stresses of the DR in using are analyzed for
obtaining high reliability products. The business software, Computer Aided
Design/Engineering (CAD/CAE), is applied to perform the activities of designing
and analyzing for the DR. The similar studies integrating CAD/CAE to develop
high reliability products had been presented by the authors [4]. It integrated
probabilistic design methods with CAD/CAE to perform reliability design opti-
mization for the arms of robots. Reliability design was developed mainly based on
Stress-Strength Interference (SSI) theory. The failed positions of a design can be
established by failure mode effects analysis and/or fault tree analysis. No sooner are
the critical points identified, than the design variables related to the critical points
(such as forces, materials, geometric dimensions, etc.) can be decided subjected to
the expected reliabilities [5].

ANSYS is a Finite Element Analysis (FEA) tool which is extensively used in
supporting engineering design. The CAD system generates a solid model of a
design. The geometry is transferred or the component is meshed within the CAD
system and the finite element model is transferred to ANSYS [6]. It is sometimes
slightly infeasible to obtain an ANSYS solution due to sometimes slightly violating
the constraints. To improve the efficiency of optimization, the response surface
method can be used to replace the time-consuming finite element simulations.
A practical application of the ANSYS simulations is to evaluating the fatigue life of
dental implants for which there are only limited test data [7]. The frequency
response of system is one of the most important features in forced vibration. It is
very harmful if resonance occurs in a mechanical system. The purpose of vibration
analysis is to predict the frequency of resonance occurrence and then to determine
what steps would be taken to prevent it from occurring [8].

In this paper, a Differential Reducer (DR) based on differential displacements is
presented to obtain the properties of structural rigidness, high reduction ratios and

4 Y.-T. Tsai et al.



compact design. The geometric structures are designed by SolidWorks software
including motion analysis to ensure the accuracy of designing as well as avoiding
interference occurred. The ANSYS software is used to analyze the structural
stresses and the frequency responses of the DR for obtaining the allowed loading
and to prevent resonance from occurrence. The analyzed results are further com-
bined with reliability theory to perform reliability design for the reducer subjected
to the given reliability needs.

2 Reliability Calculation

Reliability calculated is formulated based on SSI theory. The reliability index can
be calculated based on the second-order moment method if the strength random
variable X is normally distributed with a mean value of μX and standard deviation of
σX, and the stress random variable Y is also normally distributed with parameters μY
and σY. The geometric distance for reliability measurement can be rated by

z ¼ lX � lYffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2X þ r2Y

p ð1Þ

The value of z would be the reliability index and the reliability can be computed
as

R ¼ 1� U �zð Þ ¼ U zð Þ ð2Þ

A typical target value for reliability index z = 3 is the reliability R = 0.99865.
In general conditions, the reliability for mechanical devices is evaluated from the

strength and the stress. The induced stress (μY, σY) is the designed variants if the
strength information of materials (μX, σX) is known. When the coefficients of var-
iation of the designed variants γY are known, the standard deviation of the induced
stress can be evaluated by

rY ¼ cYlY : ð3Þ

Substituting Eq. (3) into Eq. (1), we can derive the following equation when the
reliability target is set to R ≥ Φ(z):

1� ðcYzÞ2
h i

l2Y � 2lXlY þ l2X � ðrXzÞ2 � 0: ð4Þ

Solving the above equation, the design solution for the induced stress must
satisfy the condition

lY �
lX �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2X � ð1� c2Yz2Þðl2X � r2Xz2Þ

p
1� c2Yz2

: ð5Þ

A Study of Structural Stress Analysis of Reducers for Supporting … 5



The variant coefficients γY can be decided from the means and the variations of
the variables in the stress equation. For example, for (F, A), representing the force
and the area of a design, respectively, the mean of the stress will be μY = μF/μA. The
variation coefficient will be γY

2 = γF
2 + γA

2. No sooner has the γY been decided,
than the allowed value of the induced stress can be computed by Eq. (5), when the
strength information and the needed reliability are given. This form is commonly
adopted when the performance index belongs to the-smaller-the-better.

On the other hand, if the known information is the expected performance given
directly by the customers (the requirement marked as Y), the designed variant will
be the real performance of the design (the supply marked as X). Likely, the fol-
lowing equation is derived from Eq. (1):

1� ðcXzÞ2
h i

l2X � 2lYlX þ l2Y � ðrYzÞ2 � 0: ð6Þ

The design solution for the strength must satisfy

lX �
lY þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2Y � ð1� c2Xz2Þðl2Y � r2Y z2Þ

p
1� c2Xz2

: ð7Þ

Here, γX represents the same behavior as γY. The performance of design supply μX
must satisfy the above equation. This form is usually used when the performance
index is the-bigger-the-better.

3 Frequency Response Function (FRF)

The harmonic response is analyzed for the DR to find the natural frequency and the
frequency response. The analyzed results can show the range of the frequency that
is suitable for the DR as well as to prevent resonance from occurrence.

The vibration of mechanisms can be described by a single coordinate, the natural
frequency depends on two system properties; mass and stiffness. The circular
natural frequency, ωn, can be found using the following equation:

x2
n ¼

k
m

ð8Þ

where:

k = stiffness of the beam (Newton/Meters or N/m)
m = mass of weight (kg)
ωn = circular natural frequency (radians per second)

6 Y.-T. Tsai et al.



From the circular frequency, the natural frequency, fn, can be found by simply
dividing ωn by 2π. The natural frequency can be formulated as:

fn ¼ 1
2p

ffiffiffiffi
k
m

r
ð9Þ

where: fn = natural frequency in hertz (1/seconds)
Aiming to the forced vibration, the behavior of the spring mass damper model

needs to add a harmonic force. A force of this type could be generated by a rotating
imbalance.

F ¼ F0 cosðxtÞ ð10Þ

For a single degree of freedom oscillator, the sum the forces on the mass are
calculate using following ordinary differential equation:

mx
:: þ c _xþ kx ¼ F0 cosðxtÞ ð11Þ

The result states that the mass will oscillate at the same frequency, f, of the applied
force, but with a phase shift φ. The scale of the vibration amplitude to the harmonic
force is defined by the following formula.

X
F0

¼ 1
k

x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

n � x2
� �2þ 2fxxnð Þ2

q
2
64

3
75 ð12Þ

where ζ is the damping factor which is defined as c=m ¼ 2fxn, The phase shift, φ,
would be

/ðxÞ ¼ tan�1 2fxn

x2
n � x2

� �
ð13Þ

An efficient method to reduce the magnitude of the vibration is by adding the
damping. On other hand, the magnitude can also be reduced if the natural frequency
can be shifted away from the forcing frequency by changing the stiffness or mass of
the system. The other approach is to change the frequency of the harmonic force.

4 Design of Differential Reducer (DR)

TheDR is designed using the principles of differential displacements of the reduction
gears which are similar to the moving and aligning of the fixed and the slid meters in
the traditional caliper. The reduction gears are designed as gear rings which is driven
by an off-centre cam. The geometric structure of theDR is shown in Fig. 1. The outer
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gear rings have two the fixed and the slid ones which are different in tooth numbers
but having the same module of tooth shape. The fixed ring is fixed on the support box
for engaging and leading the intermediary ring generating the planetary motions. The
slid ring is forced to generate differential movements while the intermediary ring is
rotating circling the fixed ring. The differential movements are produced when the
teeth of the slid ring is to align to the teeth of the fixed ring. The intermediary ring is
driven by an off-centre camwhich is connecting to the power shaft. The power output
is connected to the slid ring. The scales of reduction ratios are decided depending on
the difference of the tooth numbers of the two outer gear rings.

The mechanism is designed using SolidWorks software. The gear rings are
design with module m = 1, pressure angle θ = 20° for engaging transmission. The
tooth numbers and widths for the gear rings are set to {100, 12}, {101, 12} and {80,
24} mm for the fixed, slid and intermediary rings, respectively. The off-centre cam
was designed to deviate 10 mm from the rotational center. These components were
assembled as a whole to simulate the kinematic behaviors. The slid ring would be
shifted to generate small displacements when the intermediary ring rotates circling
the fixed ring. Figure 2 shows the kinematic simulation for the outer gear and

Fig. 1 Geometric structure of
the differential mechanism

Fig. 2 Kinematic simulation
for the gear rings
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intermediary rings. The simulated results showed that the DR can run smoothly and
no interference occurred.

5 Analysis of Differential Reducer

The structural stresses of the DR are analyzed to perform reliability design.
Reviewing the motion transmission of the mechanism, the designed weaknesses
may be at the teeth of the gear rings destroyed either wear-out or broken-down
when the transmitted loading over the designed strength.

(1) Structural stress
The structural design was leaded to ANSYS to analyze the induced stresses. The
connection of the paired gear rings are set to no separation. The outer ring is set to
fixed support as well as the inner ring to frictionless support. The loading is sup-
posed to transmitting 200 N-m by the intermediary ring.

The analyzed results for structural stresses and deformation are shown in Fig. 3.
The results show that the maximum stress is 103 MPa occurring at the position of
the teeth engaged and the maximum deformation occurs at the other side of the
teeth no being contacted (see Fig. 3b). The contact pressures of the engaged teeth
can also be obtained by contact tool. The maximum contact pressure for the
engaged teeth is 1409 MPa.

The analyzed results of structural stress can be applied to set the allowed loading
of the DR as well as to determine the design variables for the given transmitted
torques. For example, the allowed torque of transmission for the DR would be
485 N-m if the material strength is 250 MPa.

(2) Vibration Analysis
The frequency response of the DR are further investigated for determining the
suitable speeds of the DR in running. The geometric shapes of the support box of

Fig. 3 The structural stresses and the total deformations, a Equivalent stress, b Total deformations
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the DR are constructed according to the practical design. The gear rings are
enclosed inside since it is fixed on the support box. Here, the gear rings are replaced
with the round rings which have the same sizes for simplifying the analyzed models
and shorting the calculated time of computer simulation. The modal analysis is first
done. The analyzed results for the front 6 modes are {752, 4395, 4418, 6125, 7105,
7408} Hz.

The vibration shape of the first order mode is at the rotational direction as shown
in Fig. 4. The natural frequency of the structure is 752 Hz. The frequency implies
that the DR occurs resonance being low because the rotational speed of the power
shaft usually is far smaller than the frequency.

The frequency response of the design is further analyzed to observe the stresses
of vibration. The harmonic forces of the support box are induced by the cam shaft
when it drives the intermediary ring generating planetary motion circling the fixed
ring. The harmonic forces can be obtained by dividing the transmitted torque to the
rotational radius. Here, it is set to 2000 N as bearing loads. The analyzed results are
shown in Fig. 5 where the maximum stress is 32.4 MP occurring at the natural
frequency.

6 Reliability Evaluation

Reliability evaluation deals with the probabilistic distributions of the strength and
the stress. In this design, the gear rings are made with structural steel which has the
strengths of the mean and standard deviation being (μX, σX) = (250, 25) MPa when
the strength is considered with variation 10 % of the mean. As a result, the allowed
stresses of the design at different reliabilities can be computed by Eq. (5). For

Fig. 4 The vibration shape
for mode 1
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example, the allowed stresses of the design would be μY = 209 Mpa if the reliability
need is set to R = 0.95. The allowed stresses would be 198 MPa if the stress
variation is considered as the same as the strength. According to the analyzed
results, the induced maximum stresses and contact pressures for the gear rings in
terms of transmitted torques are shown in Fig. 6, The changing of stresses and
contact pressures depending on the torques is linear.

Furthermore, the reliabilities of the design can be evaluated by integrating the
analyzed results and the SSI theory. Figure 7 shows the reliability changing of the
design depending on the torque loadings. The results show that the reliabilities have
faster degradation when considering the variations of the stresses.

Fig. 5 Frequency response of x-axis for normal stress

Fig. 6 Changing of the
maximum stress and the
contact pressure
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7 Conclusion

This paper presents a creative design for DR possessing the properties, high rig-
idness, large reduction ratio and structure simple. The DR can satisfy the
requirements of design space limited as well as large speed reduction ratio. The
analyzed results in FEM are used to identify the designed weaknesses and to
provide the information of design modification. The first maximum amplitude for
normal stress and deformation would happen at 724 Hz according to the modal
analyzes results. The results indicate that the DR occurs resonance being low
because the input shaft usually is far lower the frequency. The allowed transmission
loadings of the DR would be 380 N-m according to the analyzed results subjected
to the needed reliability being 0.95 and the strength variation being 0.1. The results
are useful for considering the safety as well as the reliability of the DR in using.
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Structural and Dimensional Synthesis
of Parallel Manipulator with Two
End—Effectors

Zh. Baigunchekov, M. Kalimoldaev, M. Utenov, B. Arymbekov
and T. Baigunchekov

Abstract In this paper the methods of structural and dimensional synthesis of a
parallel manipulator with two end-effectors are presented. Parallel manipulator with
two end-effectors is formed from two serial manipulator by connecting of their links
by binary links with two revolute kinematic pairs. Geometrical parameters of the
binary link have been determined at three, four and five finitely separated position
of the end-effectors.

Keywords Parallel manipulator � End–effector � Dimensional synthesis � Finitely
separated positions

1 Introduction

In technological processes with stereotyped motion of the manipulating object it is
advisable to use a parallel manipulator (PM) with fewer DOF or with one DOF
instead of robot with many DOF. PM is synthesized by given laws of motion of the
end-effectors and input links. Therefore PM unlike the serial manipulator operates
at certain kinematic diagram and geometrical parameters of its links. There are
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many works on the structural and dimensional synthesis of mechanisms [1–4]. In
these works the structural synthesis of mechanisms is carried out separately, and the
dimensional synthesis of mechanisms is carried out at the certain kinematic dia-
gram. We propose a method of structural-parametric synthesis of mechanisms and
manipulators [5–7]. According to this method any mechanism irrespective of
functional purpose (function generation, path generation, body guidance) is formed
from the actuating kinematic chain (AKC) and the closing kinematic chain (CKC).
A kinematic chain with many DOF which implements the given laws of motions of
the end-effectors and the input link is called AKC. A kinematic chain with negative
DOF which connects the links of the AKC and forms a mechanism (manipulator) is
called CKC. AKC and CKC are the structural modules. In this paper the methods of
structural and dimensional synthesis of PM with two end-effectors on the basis of
the method of structural-parametric synthesis are presented. Two serial manipula-
tors (AKC) and the binary link with two revolute kinematic pairs (CKC) are the
structural modules of the PM with two end-effectors.

2 Structural Synthesis of PM with Two End-Effectors

Consider the problem of manipulating of two objects. Depending on the type of
technological operation work the manipulation of two objects may be implemented
in two modes: a simultaneous manipulation and a consecutive manipulation.

In the simultaneous manipulation in the initial position of the serial manipulators
ABC and DEF (Fig. 1a) a griping operation of two objects P1 and P2 is carried out
by the grippers C and F (Fig. 1a). Then a transference of the objects to the posi-
tional point P1(2),N is carried out (Fig. 1b). After positioning of the manipulating
objects the grippers back to their initial positions (Fig. 1a).

B

A D

E

P1(2), N

PC, 1,1 PF, 2,1

X

Y

0

B E

C, F

DA

(a) (b) P1,1 P2,1

Fig. 1 Two serial manipulators
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In the consecutive manipulation in the initial positions of the serial manipulators
ABC and DEF a griping operation of the object P1 is carried out by the gripper C of
the first serial manipulator ABC (Fig. 1a). Then a transference of the object to an
intermediate position P1(2),N is carried out (Fig. 1b). At the same time the gripper
F of the second manipulator DEF simultaneously positioned in the intermediate
point. In this intermediate point P1(2),N a re-grasping operation of the object occurs
by the second manipulator DEF. Then both manipulators back to their initial
positions (Fig. 1b).

A novel PM (parallel manipulator) with two end-effectors and with two DOF to
manipulate of two objects has been developed (Fig. 2). This PM provides a set of
laws of motion of two objects in two modes. Closed kinematic chain of the novel
PM increases its load capacity and positioning accuracy. Furthermore, the number
of drives is reduced from four to two, and two drives in mobile joints B and E are
excluded which is also an advantage of the novel PM.

Structural synthesis of the novel PM with two end-effectors is made as follows.
Two links BC and EF of the two serial manipulators ABC and DEF are connected
by binary link GH with two revolute kinematic pairs. As a binary link with two
revolute kinematic pairs has one negative DOF and it imposes one geometrical
constraint to the relative motions of the links we obtain a kinematic chain ABGHED
with three DOF. If we connect the link GH of this kinematic chain with a frame by a
binary link IK with two revolute kinematic pairs then we obtain a kinematic dia-
gram of the PM with two end-effectors and two DOF.
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Fig. 2 PM with two
end-effectors
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Number of DOF of PM is determined by Chebyshev’s formula [8]

W ¼ 3n� 2p5; ð1Þ

where n is number of mobile links, p5 is number of kinematic pairs of the fifth class.
For the considered PM n = 6 and p5 = 8 then W ¼ 3 � 6� 2 � 8 ¼ 2. For the binary
link with two revolute kinematic pairs n = 1 and p5= 2 then
W ¼ 3 � 1� 2 � 2 ¼ �1.

3 Dimensional Synthesis of PM with Two End-Effectors

The end-effectors C and F have been moved from their initial positions P1,1 and P2,1

to the ultimate position P1(2),N along the segments P1,1 P1(2),N and P2,1 P1(2)N

(Fig. 2). Set the coordinates XP1;i , YP1;i and XP2;i , YP2;i of the points P1 and P2 along
these segments in the absolute coordinate system OXY. Also set the coordinates XA,
YA and XD, YD of the fixed joints A and D, the lengths of links lAB, lBC and lDE, lEF of
two serial manipulators ABC and DEF. Determine the angles φ1, φ2 and φ3, φ4

u1i ¼ uACi þ cos�1 l
2
AB þ l2ACi � l2BC

2lABlACi
;

u3i ¼ uDFi � cos�1 l
2
DE þ l2DFi � l2EF

2lDElDFi
;

ð2Þ

u2i ¼ tg�1 YP1;i � YBi

XP1;i � XBi

; u4i ¼ tg�1 YP2;i � YEi

XP2;i � XEi

; ð3Þ

where

XBi

YBi

� �
¼ XA

YA

� �
þ lAB � cosu1i

sinu1i

� �
;

XEi

YEi

� �
¼ XD

YD

� �
þ lDE � cosu3i

sinu3i

� �
: ð4Þ

Determine the geometrical parameters xð2ÞG ; yð2ÞG ; xð4ÞH ; yð4ÞH ; lGH of the binary link GH,

where xð2ÞG ; yð2ÞG and xð4ÞH ; yð4ÞH are the coordinates of the joints G and H in the local
systems of coordinates Bx2y2 and Ex4y4 of the links 2 and 4 respectively, lGH is the
length of the link GH. Consider the inverse motion of the system of coordinate
Ex4y4 relative to the system of coordinate Bx2y2. Then the joint H moves along the
circular arc with center at the joint G and with radius lGH . Write the equation of the
circle

ðxð2ÞHi � xð2ÞG Þ2 þ ðyð2ÞHi � yð2ÞG Þ ¼ l2GH ; i ¼ 1; 2; . . .;N; ð5Þ
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where xð2ÞHi and yð2ÞHi are the coordinates of the joint H in the system of of coordinates
Bx2y2 of the link 2; N is number of given positions of the systems of coordinates
Bx2y2 and Ex4y4.

Coordinates xð2ÞHi and yð2ÞHi of the joint H in the system of coordinates Bx2y2 of the
link 2 are defined by the equation

xð2ÞHi

yð2ÞHi

" #
¼ cos/2i

� sin/2i

sin/2i
cos/2i

� �
� XHi � XBi

YHi � YBi

" #
; ð6Þ

where XHi, YHi and XBi, YBi are the coordinates of the joints H and B in the absolute
system of coordinates OXY which are defined by the Eq. (4) and the equation

XHi

YHi

" #
¼ XEi

YEi

" #
þ cos/4i

sin/4i

� sin/4i
cos/4i

� �
� xð4ÞH

yð4ÞH

" #
: ð7Þ

Substituting the expressions (6) and (7) into the Eq. (5) we obtain

ðxð2ÞHi � xð2ÞG þ yð2ÞHi � yð2ÞG Þ þ 1
2
ðl2GH � xð2Þ

2

G � yð2Þ
2

G Þ ¼ 1
2
ðxð2Þ2Hi þ yð2Þ

2

Hi Þ: ð8Þ

Denote

h ¼ 1
2
ðl2GH � xð2Þ

2

Gi � yð2Þ
2

Gi Þ; r ð2Þ2
Hi ¼ x ð2Þ2

Hi þ y ð2Þ2
Hi : ð9Þ

Then the Eq. (8) takes the form

xð2ÞHi � xð2ÞG þ yð2ÞHi � yð2ÞG þ h ¼ 1
2
rð2Þ

2

Hi ; i ¼ 1; 2; . . .;N: ð10Þ

The resulting system of Eq. (10) is linear of the coordinates xð2ÞG ; yð2ÞG of the center
G of the circle and its radius lGH expressed through the parameter h.

Let the number of given positions N = 3. Then we obtain a system of three linear

equations with three unknowns xð2ÞG ; yð2ÞG , h the matrix form which has a form

xð2ÞH1
yð2ÞH1

1

xð2ÞH2
yð2ÞH2

1

xð2ÞH3
yð2ÞH3

1

2
664

3
775 �

xð2ÞG

yð2ÞG

h

2
664

3
775 ¼ 1

2

rð2Þ
2

H1

rð2Þ
2

H2

rð2Þ
2

H3

2
6664

3
7775 ð11Þ

or
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Ax ¼ b; ð12Þ

where

A ¼
xð2ÞH1

yð2ÞH1
1

xð2ÞH2
yð2ÞH2

1

xð2ÞH3
yð2ÞH3

1

2
664

3
775; x ¼ xð2ÞG yð2ÞG h

h iT
; b ¼ 1

2
rð2ÞH1

rð2ÞH2
rð2ÞH3

h iT
:

Vector x of the binary link GH parameters is determined by the equation

x ¼ A�1b ð13Þ

when det(A) ≠ 0. If det(A) = 0 then the radius lGH of the circle is equal to ∞, i.e.
the point G will move in a straight line. Consequently, the joint G should be
transformed into slider.

Thus, when N = 3 we can find a point (joint) G on a plane of the link BC and
length lGH of the link GH for all points lying on a plane of the link EF in condition
det(A) ≠ 0.

Let number of given positions N = 4. Then we obtain a system of four linear
equations from (10). This system of equations has a solution when the determinant
of the expanded matrix is zero

w1;2;3;4 ¼

xð2ÞH1
yð2ÞH1

1 1
2 r

ð2Þ2
H1

xð2ÞH2
yð2ÞH2

1 1
2 r

ð2Þ2
H2

xð2ÞH3
yð2ÞH3

1 1
2 r

ð2Þ2
H3

xð2ÞH4
yð2ÞH4

1 1
2 r

ð2Þ2
H4

�����������

�����������
¼ 0: ð14Þ

If substitute into the determinant (14) the values of xHi
(2), yHi

(2), rHi
(2), (i = 1, 2, 3, 4)

defined by the Eqs. (6), (7) and (9) then we obtain the equation of the fourth order
which is a curve of circular points. The points on this curve describe the arc of the
circle. If we select a point on the curve of circular points it is sufficiently to
determine the center of a circle and its radius from any three equations of the system
(10). Then this circle passes through the fourth position.

Let the number of given position N = 5. Then we obtain a system of five linear
equations from (10). This system of five linear equations has a solution if the rank
of expanded matrix of this system is three. Consequently, all the minors of the
fourth order of this matrix is equal to zero

w1;2;3;4 ¼ 0;w1;2;3;5 ¼ 0;w1;2;4;5 ¼ 0;w2;3;4;5 ¼ 0;w1;3;4;5 ¼ 0: ð15Þ
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Each of determinants (15) has a view similar to (143). Substituting to the
determinants the values of xHi

(2), yHi
(2), rHi

(2), (i = 1, 2,…, 5) defined by the Eqs. (6) and
(9) we obtain the curves equations of the fourth order. Solutions of the system
(15) is determined by the points of intersection of any two curves of this system, for
example by the points of intersections of the curves w1,2,3,4 and w1,2,3,5 . These
points are circular points each of which has five positions on one circle. Other three
curves also pass through the circular points.

As a result of synthesis of the binary link GH we obtain a mechanism ABGHED
with three DOF. If we connect the link GH with a frame by a binary link IK then we
obtain a kinematic diagram of the PM with two DOF.

For synthesis of the binary link IK we write the equation of circle in absolute
motion

ðXIi � XKÞ2 þ ðYIi � YKÞ2 ¼ l2IK ; ð16Þ

where

XIi

YIi

" #
¼ XGi

YGi

" #
þ cosu5i

sinu5i

� sinu5i
cosu5i

� �
� xð5ÞI

yð5ÞI

" #
: ð17Þ

Substituting the expression (17) into the Eq. (16) we obtain

ðXIi � XK þ YIi � YKÞ þ
1
2
ðl2IK � X2

K � Y2
KÞ ¼

1
2
ðX2

Ii þ Y2
Ii Þ: ð18Þ

Denote

H ¼ 1
2
ðl2IK � X2

K � Y2
KÞ; R2

Hi
¼ X2

Ii þ Y2
Ii : ð19Þ

Then the Eq. (18) takes the form

XIi � XK þ YIi � YK þ H ¼ 1
2
R2
Hi
; i ¼ 1; 2; . . .;N: ð20Þ

The resulting system of Eq. (20) is a linear system with respect to the coordinates
XK, YK of the center K of the circle and its radius lIK expressed through the
parameter H. Further we determine the coordinates xI

(5), yI
(5) of circular point I,

the coordinates XK, YK of the center K and the radius lIK of the circle similarly the
synthesis of the binary link GH.
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4 Numerical Example

Let the grippers C and F of PM move from their initial positions P1,1 and P2,1 to the
positional position P1(2),4 on straight segments P1,1 P1(2),4 and P2,1 P1(2),4 in the
absolute system of coordinates OXY. The coordinate values of the points are given
in Table 1. It is necessary to synthesize PM with two end-effectors.

Set the coordinates XA = 16.0; YA = YD = 9.5; XD = 54.5 of the fixed joints A, D
and the lengths of the links lAB, lDE = 30.0; lBC, lEF = 35.0 of two serial manipu-
lators ABC and DEF and calculate the positions of links and coordinates by the
Eqs. (2)–(4). On the base of the above developed method the geometrical param-
eters of the binary links GH and IK are calculated: xG

(2) = 12.348; yG
(2) = −12.512;

xH
(4) = 18.107, yH

(4) = 12.014; lGH = 22.170; xI
(5) = 12.503; yI

(5) = −7.134;
XK = 32.701; YK = 17.502; lIK = 20.062. Results of kinematic analysis have been
presented in [9].

5 Conclusions

The methods of structural and dimensional synthesis of the PM with two
end-effectors are developed on the base of structural-parametric synthesis.
According to these methods PM is formed from the actuating and closing kinematic
chains (AKC) and (CKC) which are the structural modules. Two serial manipula-
tors (AKC) and the binary link with two revolute kinematic pairs (CKC) are the
structural modules of PM. Geometrical parameters of the serial manipulator’s links
are given or varied and geometrical parameters of the binary link are determined
from the equation of geometrical constraint imposed to the relative motions of the
AKC links. The geometrical parameters of the binary link are determined at three,
four and five finitely separated positions of the end-effectors.
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Parametric Design Optimization of Two
Link Robotic Manipulator

F.Z. Baghli, L. El Bakkali and O. Hamdoun

Abstract In this work we present an optimal design for a type of serial link
manipulators based on multi objective optimization. The objective functions con-
sidered are Global Conditioning index (GCI) and workspace volume, the first indice
is based on condition number of robot manipulator Jacobian matrix and the
objective functions are optimized simultaneously to improve the dexterity as well as
the workspace volume which represents the working capacity.

Keywords Robot manipulator � Global conditioning index � Workspace � Design
optimization

1 Introduction

Robot arms or manipulators which are mechanical devices driven by electrical
motors or actuators have been used in many applications in industry such as
painting, drilling, material handling and pick and place. Since the main aim is to
increase the productivity in these fields.

Kinematic optimal is a crucial key in designing serial manipulators and it was
received considerable attention by researchers during the post decade. An optimal
design method was proposed by many researchers, which considers the global
workspace and Global Conditioning index (GCI) which based on condition number
of robot manipulator Jacobian matrix.

Many methods exist in literatures which are based on analytical or numerical
methods for determination of manipulator’s workspace.
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The present work proposes a optimization method based on semi-infinitely
constrained programming for workspace evaluation with the definition of GCI as
the objective function, a formulation of link length optimization of manipulator is
presented her. An algorithm is presented for numerical solution of the optimization,
with evaluation of GCI in each solution iteration.

This paper is organized in serval sections. Section 2 presents the kinematic and
dynamic modeling, to introduce the design parameters. In Sect. 3, the global per-
formance indices are presented: Condition number and Global Conditioning Index.
In Sect. 4 the optimization problem of robot manipulator is formulated. Section 5
presents the results and discussions. Finally Sect. 6 covers the conclusion.

2 Kinematic and Dynamic Models of Robot

The kinematic and dynamic models of the manipulator are developed considering
the manipulator shown in Fig. 1. The two links have lengths l1, l2 respectively.

2.1 Kinematic Model

The Denavit-Hartenberg (D-H) parameters for the arm manipulator are defined in
Table 1:

Let M(x,y) be the target position of end-effector in the Cartesian workspace of
the manipulator, the point of interest, for which the performance in terms of
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Fig. 1 Numerical implementation of robot manipulator
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positional accuracy has to be modeled and optimized. The coordinates of M in
Cartesian coordinate for joint angles q1 and q2 are given by:

MX ¼ l1c1 þ l2c12 ð1Þ

My ¼ l1s1 þ l2s12 ð2Þ

where:

c1 ¼ cosðq1Þ; s1 ¼ sinðq1Þ; c12 ¼ cosðq1 þ q2Þ; s12 ¼ sinðq1 þ q2Þ

From Eqs. (1) and (2), joint variables q1 and q2 are obtained as:

q1 ¼ ATAN2ðS1;C2Þ ð3Þ

q2 ¼ ATAN2ðS2;C2Þ ð4Þ

where

s1 ¼
ðl1 þ l2c2ÞMy � l2s2Mx

M2
X þM2

y

c1 ¼
ðl1 þ l2c2ÞMx þ l2s2My

M2
X þM2

y

c2 ¼ 1
2l1l2

ðM 2
X þM 2

y � l21 � l22Þ

s2 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c22

q

Differentiating Eqs. (1) and (2) and solving for joint velocities _q1 and _q2 gives:

_q1 ¼
_Mxc12 þ _Mys12

l1s2
ð5Þ

_q2 ¼ �
_MxMx þ _MyMy

l1l2s2
ð6Þ

Table 1 DH parameters of
robot

Link ai ai di qi
1 l1 0 0 q1
2 l2 0 0 q2
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3 Dexterity of Robot

3.1 Jacobian and Inverse Jacobian Matrix

The dexterity index is based on the condition number of the jacobian matrix. This
quantity which is a mesure of the local dexterity.

The jacobian matrix (J) of the robot manipulator is defined as the matrix rep-
resenting the transformation mapping the joint rates into the Cartesian velocities
transformation is written as:

_Mx1

_My1

" #
¼ J

_q1
_q2

" #
ð9Þ

where _q is the vector of joint rates and _Mx; _My are the vector of Cartesian velocities.
However, the inverse jacobian matrix is defined as:

_q1
_q2

" #
¼ J�1

_Mx

_My

" #
ð10Þ

where J of the robot manipulator can be expressed as:

J ¼ �l2s2 �l2s2
l1 þ l2c2 l2c2

� �
ð11Þ

Therfore, we have:

J�1 ¼ 1
D

l2c2 l2s2
�ðl1 þ l2c2Þ �l2s2

� �
ð12Þ

where:

D ¼ l1l2s2 ð13Þ

4 Condition Number

The accuracy of the control of the manipulator is dependent on the condition
number of the Jacobian matrix. This is so because it represents an indication of the
amplification of the error on the position or force at the gripper for a given accuracy
of the actuators. This number is to be kept as small as possible, the smallest values
that can be attend being ‘1’.
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According to definition, the conditioning number of the jacobian matrix is
defined by:

jðJÞ ¼ J�1
�� �� : Jk k ð14Þ

where j; rmax and rmin are condition number, and the maximum and minimum
singular values of the Jacobian respectively.

The condition number of Jacobian matrix for manipulator can be computed and
is expressed as following:

j ¼ ðl21 þ 2l22 þ 2l1l2c2Þ
2l1l2s2

ð15Þ

5 Optimization Design

The mathematical formulation of design optimization problem can be written as
following:

minimizing f ðlÞ
subject to giðlÞ � 0 ; i ¼ 1; 2; 3; . . .; k

l� � l� lþ
ð16Þ

where l 2 R2�1 denotes the vector of the design variables, l�and lþ are the lower
and upper bounds of the design variables, respectively. The objective function is
denoted by f ðlÞ and giðlÞ is the constraint function.

The design objective is to maximize the workspace area covered by the robot
manipulator.

l1; l2 are the two design variables, l�1; lþ1 are the lower and the upper bounds on
the ratio l1=l2. The objective function to be optimized is used to maximize the
workspace covered by the manipulator.

5.1 Workspace Optimization

Workspace is a significant factor for describing kinematic performance of robot
manipulator. Besides deciding the limits of the attainable workspace of system,
choosing the feasible workspace is also a difficult question. In order to obtain
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optimal kinematic performance, it is necessary to determine the position and style
of the feasible workspace. In this work, we used the global conditioning index
(GCI) as an objective function for maximization to determine the feasible work-
space, which is defined as:

g ¼
Z
w

1
j
dw

,Z
w

dw ð17Þ

where g is the global conditioning index, j is the condition number of the Jacobian,
dw is a differential workspace of the manipulator.

In the context of the optimum design of robotic manipulator, the GCI is to be
maximized over the space of robot manipulator parameters. Thus, the closer to unity
the index is the better the overall behavior of the condition number and hence of the
robot. The normality condition necessary for a stationary value of g is given by:

@g
@v

¼ 0 ð18Þ

where v is the vector containing the parameters defining the architecture of the robot
manipulator (for example parameters of DH).

To compute the robot manipulator’s global conditioning index we have to
integrate the reciprocal of condition number over the workspace. Therfore we have,

g ¼ 1
4pl1l2

Z Z
ð 2s2
1=vþ 2vþ 2c2

Þl1l2s2dq1dq2 ; v ¼ l2=l1 ð19Þ

6 Results and Discussions

The optimal design manipulator parameters are obtained to be l1 ¼ 0:5 and
l2 ¼ 0:3608. The corresponding workspace 2.2671. In Fig. 2, we have plotted the
condition number j as function of q for each iteration to show the improvement in
the condition number from its initial range to its optimum range. In this optimum
range of the condition number, when q ¼ 2:351 we see the condition number is
almost unity.

This angle is the most desirable configuration for the robot manipulator in terms
of its dexterity.

In order, the limits of the global workspace can be described as follows:
The global conditioning index of the robot manipulator as a function of v is

shown in Fig. 3. So for v ¼ l2
l1
¼ 0:7 the maximum value of GCI is gmax ¼ 0:7374.

The workspace area of the robot arm is shown below (Fig. 4):
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7 Conclusions

In this work, the mathematical formulation of complete kinematics and dynamics of
two link manipulator is presented.

The optimal configuration is obtained by the principale of the condition number
of Jacobian matrix and the GCI. Finally the dimension optimization design is
performed according to the objective function.
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Investigation of the Behaviour of a New
Miniature Carbon-Paraffin Phase-Change
Actuator

P. Lazarou and C. Rotinat-Libersa

Abstract This paper presents a new millimeter-sized membrane actuator utilizing
the volume expansion, resulting from a phase-change composite material, induced
by self-heating through the Joule effect. The composite consists of carbon particles
as the conductive elements and of paraffin wax as the polymer matrix. The behavior
of the actuator is experimentally characterised by measuring its external tempera-
ture, its electrical resistance and the membrane deflection. Several factors
influencing these measurements are identified and briefly discussed. A detailed
analysis of the experimental findings follows, so as to provide a deeper physi-
cal understanding of the observed actuator behavior, thus allowing future design
and performance improvements.

Keywords Miniature membrane actuator � Paraffin-carbon composite �
Phase-change � Characterisation

1 Introduction

In the last years many low voltage electromechanical implementations based on
various actuation principles have been presented, such as electrostatic, piezoelec-
tric, magnetic, thermal, as well as phase-change ones. The last category includes
shape-memory actuators utilizing solid-to-solid transformation and solid-to-liquid
phase-change materials, where the phase transition incurs a change in geometry,
thus providing the required force and movement. Phase-change materials (such as
paraffin, hydrogels) have the property of volumetric expansion when changing from
solid-to-liquid (or liquid-to-gas) phase. Paraffin wax in particular provides a volu-
metric expansion of around 10–15 % and it is a very suitable material for generating
large hydraulic forces when phase-change takes place.
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The force, stroke and response time of paraffin actuators are highly dependent on
their geometry and size and their heating/cooling system. A large phase-change,
paraffin membrane actuator that is heated externally by thermal conduction has been
reported in [1]. A Braille cell filled with paraffin wax and sealed off with a silicone
rubber membrane is heated by embedded microheaters [2]. A different approach is
introduced in [3], by mixing graphite particles with paraffin wax; the same principle
is also used in [4]. This mixing creates an electrically conductive phase-change
material, making it possible to heat the paraffin directly with the application of an
electrical current, through Joule heating.

This paper introduces a new millimeter-sized membrane actuator that is inspired
by the concepts of [3, 4], utilizing the same actuation principle but with a different
geometry and composite (carbon particles mixed with paraffin wax). A detailed
discussion of this principle and of the multiple physics involved has been previ-
ously presented by the authors in [5]. Here, the emphasis is given on the experi-
mental characterisation of the actuator prototype by measurements of its external
electrode temperature, the composite’s electrical resistance and the membrane
deflection when electrically powered by a constant current. Several factors affecting
these measurements, such as electrical contact conditions between electrodes and
composite, are then identified and discussed. Finally, an analysis of the experi-
mental results ensues, providing a deeper understanding of the observed physical
actuator behavior and allowing future design and performance optimisation.

2 Presentation of the New Actuator

Due to fabrication and integration constraints, a small, millimeter-sized cylindrical
concentric “pin-cylinder” electrodes concept is adopted for the construction of the
actuator (Fig. 1). In the center of the actuator chamber lies the vertical pin-type
electrode, surrounded by the phase-change composite material and the cylinder,
acting as the outer electrode. The composite presents both conductive (due to the
carbon particles and aggregates forming conductive paths) and insulating properties
(due to the polymer matrix of paraffin), therefore allowing self-heating and
phase-change through the Joule effect, as explained in [3–5]. The configuration is
sealed on top with a flexible silicon rubber membrane. With the application of
voltage between the two electrodes, a current passes through the bulk of the
carbon-paraffin composite, resulting in the volume dilatation, the phase-change of
the composite and thus in the deflection of the membrane. The cylindrical sym-
metry of the configuration induces a radial, non-homogeneous electric field.

The base and the electrodes of the actuator are made of a nickel berillium alloy
covered by a gold spatter layer (Fig. 1 Right), with the following internal chamber
dimensions: cylinder Ø3.2 mm, pin Ø0.96 mm, height 4.26 mm and chamber
volume 31.2 μl. Four support pillars aid in the placement of other elements, such as
temperature sensors and electrical connections to the cylinder’s outer surface. For
the preparation of the composite, the Sigma Aldrich 76228 paraffin wax (melting
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point at 44–46 °C according to the supplier’s data) and the Degussa PRINTEX
XE2-B carbon particles are used. While the wax is melted on a hotplate, the carbon
particles are dispersed and thoroughly mixed with the hotplate’s magnetic stirrer for
1 h. The mixture is left to cool down for a day and is afterwards used to fill the
actuator. The concentration of carbon in the mixture is 5 wt% and lies well above
the experimentally found electrical percolation threshold of 1.5 wt%; in other
words, it lies well above the minimum required carbon concentration that guar-
antees electrically conductive paths in the bulk of the composite, and thus allows
the flow of current between the electrodes [6]. Finally, the silicon rubber Dow
Corning 734 is applied on the top of the actuator by brushing, and is cured at room
temperature for 24 h, thus forming the flexible membrane. Its average thickness is
around 100 μm.

3 Experimental Characterisation of the Actuator

This section describes the setup used for the characterisation tests and shows rep-
resentative results of the actuator’s electric resistance and membrane deflection
measurements, without external mechanical load applied.

3.1 Experimental Setup

A complete setup with the actuator upon its base, the two electrical connections to
its electrodes, a laser sensor for the membrane deflection measurement, and a
temperature sensor, is shown in Fig. 2. Measurements are taken through suitable
electronic circuits and a computer. For a constant electrical current applied on the
actuator, its behaviour can be characterised by its membrane deflection D and its

E
→

cylinder filled  
with composite

pin axissupports

voltage

conductive 
composite

Fig. 1 Left top view of “pin-cylinder” actuator concept geometry and resulting radial electric field,
Right the prototype of a gold layered “pin-cylinder” actuator cell without membrane (the pin is not
visible due to a small top layer of composite material that covers it)
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bulk electric resistance Rload that is temperature dependent (the composite’s electric
resistivity is a non-linear function of temperature [5, 7]). It should be emphasized
that this work’s goal is the identification and characterization of the actuator’s
behavior, not a performance evaluation; therefore actuation times are not taken into
consideration.

3.2 Resistance and Deflection Measurements

For the experiments, currents equal or superior to 50 mA are used in order to ensure
the composite’s phase-change. Smaller currents will not produce sufficient heat to
allow the increase of its temperature up to the phase-change, especially in the case
of the paraffin wax which has a high latent heat. Many measurements without
external mechanical load on the membrane are made. After a series of around 30
cycles of actuation, the actuator’s behavior remains stable, yielding reproducible
results. Representative Rload and D measurements versus the external electrode
temperature are shown in Fig. 3 for an applied heating current of 50 mA. The plot
of Rload presents two peaks, while the plot of D is increasing until reaching a
maximum.

Specifically, as the actuator heats up from room temperature, Rload increases
almost linearly. The first peak appears around 35 °C, then Rload briefly falls and
again rises to the second peak around 42 °C. Further heating of the actuator results
in a rapid drop of Rload, until its value remains almost constant after 44 °C (indi-
cating fully liquid state of the composite). Similarly, D begins to mildly increase as
the actuator heats up from room temperature. A big change starts to appear at the
area of 40–42 °C (second Rload peak), after which the deflection very rapidly
reaches its peak value of 257 μm in fully liquid composite state.

electrical connections
for voltage application

temperature sensor

deflected membrane & 
laser dot

Fig. 2 Actuator cell on a base, the temperature sensor, the membrane with the laser dot for
deflection measurement, and electrical connections to the pin and cylinder electrodes
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4 Argumented Analysis of the Experimental Results

In this section, a physical comprehension is made, considering the factors
influencing the measurements. This analysis is important in order to understand
what is happening exactly inside the actuator and how these factors affect the
measured quantities, in order to lead us to design and performance improvements.

4.1 Factors Influencing the Measurements

In previous experiments presented in [8], while the general form of Rload over T is
similar for application of various applied currents, its value range slightly changes,
potentially leading to the conclusion that it would be also a function of the current
applied. However, reference tests made on constant resistors and composite samples
covered with conductive paint, concluded that electrical contact quality severely
influences the resistance measurement; all the above exhibited very good electri-
cal contact and the measurements were very accurate. In fact, these preliminary tests
verified that there are important electrical contact issues between the actuator’s elec-
trodes and the composite, explaining the current dependence’s previous assumption.
Possible reasons include electrical contact resistance [9], surface roughness, surface
tension effects, air gaps or even thin paraffin insulating films preventing carbon par-
ticles from directly touching the electrodes according to [10, 11].

Additional factors affecting the behavior and thus the measurements are: (a) the
cylindrical configuration of the actuator’s Joule powering (Fig. 1 Left), which
results in a non-homogeneous heat production, (b) the break-down of conductive
carbon paths in the composite during heating [6], due to the non-homogeneous
paraffin’s phase-change to liquid, (c) sedimentation of the heavier carbon particles
and aggregates that have been observed experimentally after several
heating/cooling cycles, increasing the non-homogenity of the composite, (d) the
local irregularities and the non-constant thickness of the membrane at the

1 2 3 4 5

solid phase mushy phase fully 
liquid
phase

radial
melt

Fig. 3 Load resistance and membrane deflection measurements over temperature for a heating
current of 50 mA and definition of regions characterising the actuator’s behaviour (Sect. 4.2)
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microscopic level, (e) the composite volume inside the dilated “domed” membrane
that only partially contributes to the resistance measurement (weak electric field)
and (f) the selected paraffin’s melting beginning at 37 °C and ending at 48 °C
(spanning over a range of 11 °C as mentioned in [2]), instead of the 44–46 °
C supplier’s data.

4.2 Behavioural Analysis of the Actuator

In light of the above-mentioned measurement issues, the behaviour of the actuator
can be explained by taking into consideration the plots of Rload and D of Fig. 3. Five
different regions are thus identified and analyzed individually. Beginning with
region 1, a PTC (positive temperature coefficient) effect is observed for the resis-
tance, arriving to the first peak at 35 °C. With the increase of temperature, the
composite matrix (solid paraffin) thermally expands, thereby forcing the conductive
pathways to be broken up and the carbon particles to be separated and distanced
(increase of the tunneling barrier [12]). The deflection plot shows a mild increase,
with the initially flat membrane starting to resemble a small dome.

The beginning of region 2 corresponds to an intermediate point of the solid to
liquid phase-change, which has locally begun at and around the area of the pin
electrode (for a 35 °C temperature at the external electrode, the temperature at the
internal pin is 4–5 °C higher as we verified by thermal FEM simulations [8]). Thus
the previously crystalline structure of the solid paraffin wax transitions towards a
more relaxed state, effectively turning the solid to a “mushy”-intermediate phase
between solid and liquid. This phenomenon facilitates the electrical contact
between composite and pin, therefore decreasing the bulk resistance of the actuator.
As only a small volume portion of the composite has been transformed, the
deflection is not affected much and continues to increase.

In region 3 a new incline of Rload begins, leading to the second and highest peak
at around 42 °C. With the increase of the temperature, a radially expanding dila-
tation of the mushy phase towards the cylindrical electrode takes place. The
increase of the deflection rate is related to the augmentation of the “domed”
membrane volume; this volume removes conductive carbon pathways from
between the electrodes, therefore effectively increasing the bulk electric resistivity.

In region 4 and at 42 °C (max internal temperature estimated at 48 °C using
FEM simulations—Fig. 4 left), the second Rload peak appears. Afterwards a rapid
decline follows, as the volume around the pin transitions to fully liquid phase,
further facilitating the electrical contact with the electrode. This constitutes a typical
NTC (negative temperature coefficient) behavior for Rload. Electrical conductivity is
increased at the liquid phase, as the wax goes into an amorphous state, thereby
enabling carbon particles, aggregations and pathways to orient, align along the
applied electric field lines, reform and/or create new conductive pathways; similar
findings are presented in [7]. With increasing temperature, the rest of the composite
volume transitions fully into liquid phase. The deflection also presents a very
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significant increase in this region, relative to the volume expansion due to the
complete transition of the composite into liquid phase. It should be emphasized that
the phase-change that propagates from the central pin electrode towards the external
cylindrical electrode is due to: (a) cylindrical geometry inducing a
non-homogeneous electric field, (b) very low paraffin wax thermal conductivity
(0.21 W m−1 K−1), meaning that heat propagation is very slow throughout the
composite and (c) a latent heat of 250–260 kJ kg−1, meaning it absorbs a large
amount of heat in order to change phase.

In region 5 and at around 45 °C and afterwards, the composite is in fully liquid
phase, as seen in Fig. 4 right (reducing the electrical contact resistance at the
cylindrical electrode). Both the resistance and the deflection remain constant.

5 Conclusions

A new millimeter-sized conductive paraffin phase-change actuator is presented in
this work, made of concentric cylindrical electrodes filled with a carbon-paraffin
composite material and sealed with a silicon rubber membrane. The behavior of the
actuator without external mechanical load is experimentally characterised through
measurements of its external electrode temperature, the bulk electrical resistance of
the composite and the membrane deflection, providing repeatable and reproducible
results. However, the latter are subject to the influence of identified factors, such as
electrical contact conditions between electrodes and composite, non-homogeneous
heating due to the geometry etc. An analysis of the measured resistance and

Fig. 4 Two FEM simulation result steps, showing the actuator temperature, the composite’s
non-homogeneous phase change (ranging from the value ‘0’-fully solid to the value ‘1’-fully
liquid) and the membrane deflection (indicative, not necessarily representative of the actual
experimental one) [8]
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deflection versus temperature follows, providing a deeper understanding of the
observed actuator behavior and its phase-change procedure.

Future work will firstly target the measurement of the performance capabilities
of the existing actuator prototype, as its characterisation has been completed.
Specifically, target metrics will include stroke performance with loads on the
membrane, input electrical power and output mechanical power correlation, as well
as time-related dynamic characterisation. In addition, the issues and challenges
identified in this paper will be taken into consideration in order to improve the
design and the performance of the actuator. One of the envisioned goals is the
integration of such a costless and high power density actuator into miniature robotic
devices.
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Enumeration of Driving Mechanisms
in Robotics by Combinatorial Analysis
Method

P. Mitrouchev, J. Chen, F. Mafray and Y. Zheng

Abstract This research deals with the development of a new method for restricted
morphological number enumeration for planar pin-jointed driving mechanisms of
mobility 1 and 2. It is based on combinatorial analysis by using the symmetries of
kinematic chains. Since the restricting criterion is the position of the robot’s frame,
different cases of symmetries are addressed. New expressions for calculating the
number of positions of the actuators in a mechanism are presented. These help to
reduce the number of chains by avoiding those that are isomorphic with regard to
the position of the robot frame. The expressions offer a corrected formulation for
counting the number of actuators for planar mechanisms in robotics. Different
examples of applications for various planar pin-jointed driving mechanisms of
mobility 1 and 2 are presented.

Keywords Kinematics chains � Driving mechanisms � Combinatorial analysis �
Actuators � Symmetry � Conceptual design

1 Introduction

Since the 1960s, a great deal of scientific contributions in mechanism design has
addressed the type (morphological) synthesis of kinematic chains. Numerous design
methods have been proposed, allowing techniques for development in conceptual
design [1–3]. Such methods for number synthesis of planar “pin-jointed” chains
(linkages) are: intuition and inspection [4–6] or transformation of binary chains [7].
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Others methods are based on the concept of Assur’s groups [8, 9] or Franke’s
notation [10]. It can be noted that little work has dealt with the subject of the
position of the actuators on the robot in the past decades. Crossley was among the
first [4], who stated that it was necessary to position a number of actuators equal to
the number of degrees of mobility of the mechanism. In 1985, Lee and Tortorelli [1]
proposed to retain as variables of design the position of the actuators. However this
did not produce a solution, allowing knowing the number of the possibilities for
positioning the actuators in a mechanism. Two years later, Manolescu et al. [8]
proposed a method for classifying the articulated planar motor-mechanism with two
degrees of mobility (DOM). They examined all the possibilities for positioning the
two actuators in the chains, but no formulation was deduced. Recently a new
structural synthesis method for generating possible mechanisms with various
choices of both R and P pairs and mechanism inversion of planar mechanisms was
presented in [9]. It integrates Assur groups (AGs) as elements in the newly
developed group-based adjacency matrix. The latter is proposed with the diagonal
elements representing three fundamental elements: frame link, driving link, and
augmented link AG (AAG). Considering all types of the AGs in the extended
adjacency matrix, group permutation and combination are used, and connection
forms are generated including variation of the driving link and mechanism inver-
sion. In a previous work [11] a method based on the exploitation of sub-chain
symmetries was presented. This enabled the number of different possibilities for
fixing a frame onto a kinematic chain to be calculated. This sub-chain symmetries
approach has been applied [12] in order to propose a formulation to enumerate the
number of the possibilities to position the actuators for planar driving mechanisms
in robotics. However, the formulation has some restriction because it does not take
into account the limitation of the number of actuators in a loop. Consequently, it is
important to be able to fully identify and calculate the number of different possi-
bilities of attaching the actuators in a mechanism resulting from a given kinematic
chain. In this context, the aim of this work is to propose a method for calculating all
unique inversions (different mechanisms derived from the same linkage by fixing
different links), while eliminating the isomorphic ones. Using the symmetries of the
chains and the concept of combinatorial analysis, the possibilities for the posi-
tioning of the actuators which yield chains with a specified number of links (N),
joints (J) and degrees of mobility (M) are assessed. Here only mechanisms with
closed loops and single-degree-of-freedom joints of number (J) are concerned. For
each type of linkage, the enumeration considers all the possible inversions (selec-
tion of fixed link), and for each inversion, considers all the possible placements of
the actuator(s) according to the position of the frame. This enumeration only counts
actuated mechanisms that are topologically distinct. The results of this study may be
useful for robot designers, allowing them to limit the field of research to the
possible solutions regarding the position of the actuators of a robot.
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2 Preliminary: Basic Notions, Terminology, Definitions
and Restrictions

Today, some industrial robots have chains with one or more closed loops, forming a
planar or spatial link pin-jointed mechanism. The number of actuators in a closed
loop must be compatible with its degrees of freedom. This means that the number of
actuators is equal to the degrees of freedom of the loop. In other words only one
actuator is allowed for loop α, at most two actuators for loop β, and so on [13]. An
example of a chain with two degrees of freedom (M = 2), nine links (N = 9) and
eleven joints (J = 11) is presented in Fig. 1. The number of independent loops
(fundamental circuits) for a planar linkage, is given by the renowned Euler’s for-
mula L = J − N + 1. After identifying L independent loops, a graph is drawn where
each node is a loop and two nodes are connected by e edges if the loops they
represent have e joints in common (Fig. 1). Note that this representation of a linkage
is not unique since the independent loops are not uniquely defined neither.

In the notation GM–N
i : i is the position (number) of the linkage within the list.

If there are common joints between two loops the latter are called neighbour loops
(β and α of Fig. 1 for example), otherwise they are called distinct loops.
A mechanism is a linkage with one link said to be fixed and an input link. This may
be indicated in the type graph by renumbering, so that the fixed link is link 1. An
actuated mechanism has two types of joints: passive and actuated. To distinguish
between them, an adjacency matrix is defined for an actuated mechanism as a matrix
A with elements ai,j such that: ai,j = 1, if links i and j are connected by a passive joint;
ai,j = 2, if they are connected by an actuated joint; ai,j = 0, otherwise. There are
several mechanisms that correspond to a kinematic chain. Their number corresponds
to the number of the different possibilities for attaching the frame. As there are chains
with symmetries (simple, double, central) the number of possible mechanisms
issuing from these chains may decrease as some solutions will be isomorphic
depending on the position of the frame and the actuators. Here, only planar
pin-jointed mechanisms often applied in robotic conceptual design are investigated.

chain linkage loops graph

G2-9
15 β-α -γ

γ

β α
β

α
γ

Fig. 1 Linkage represented by its kinematic chain, loops and graph
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3 Method for Calculating the Number of Actuator
Mechanisms

It is assumed that only mechanisms of unexceptional mobility, where
Tchebychev-Grübler’s condition holds, are considered and where exactly M joints
of aM-DOF linkage are actuated. The position of the end-effector of the robot is not
taken into account. Only the position of the frame is retained, and the isomorphism
of the chain depending on the position of the actuator(s). All the joints have the
same status and can accommodate one actuator. The latter can be located indif-
ferently on the joints of any link of the kinematic chains whatever its position is
relative to the frame. The proposed method is based on the concepts of loop and
graph using the symmetries of the chain and the combinatorial analysis. This
allows the calculation of the number of possibilities for positioning the actuators of
a kinematic chain, by taking into account the position of the frame. Concerning the
position of the actuators in a mechanism if multiple solutions appear this is the
result of symmetries, which may be axial (single, double…) or central. Note that
type graph G2 is isomorphic to type graph G1 if there exists a renumbering of the
links of G2 whose adjacency matrix is identical to the adjacency matrix of G1.
Otherwise, the two graphs are non-isomorphic or simply distinct. The renumbering
of links is represented as an NxN permutation matrix, say P, where element pi,j = 1
if link i is renumbered as link j, otherwise pi,j = 0. Then, after renumbering, the new
adjacency matrix is PTAP. Thus, isomorphism between linkages with adjacency
matrices A and B means that there exists a permutation matrix P such that
PTAP = B. This notion of isomorphism extends to actuated mechanisms, where the
entries of A and B can be 0, 1, or 2. Note that the proper definition of topological
symmetry is the renumbering of a graph such that the adjacency matrix remains
unchanged. In other words, a symmetry is a permutation P ≠ I such that PTAP = A.

3.1 One Degree of Freedom Chains

For chain G1–8
3 (Fig. 2a) with no axis of symmetry contains L = 3 loops and p = 3

couples of neighbour loops. In this case there are L possibilities to form different
combinations between the positions (situations) of the actuator. In fact all joints J of
the chain may be occupied by the actuator. Consequently the number of different
possibilities for fixing the motor onto a chain (called motor choice Mc) is:

Mc ¼ N � J ð1Þ

Some chains as G1–8
12 in Fig. 2b, have one axis of symmetry. As the possibilities

for attachment of the actuators are compared to the position of the frame, the latter
may be cut or not cut by the axis of symmetry. Thus Mc is:
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Mc ¼ NspJ þ Nss J þ Jcð Þ=2 ð2Þ

where: Nsp = (N − Nc)/2 is the number of symmetrical pairs in the chain (here
Nsp = 3), Nc is the number of links cut by the axis of symmetry (here Nc = 1) and Nss

the number of the symmetrical pairs in the sub-chain (here Nss = 1).
Some chains have double axes of symmetry (G1–8

9 in Fig. 2c). As in the case with
single symmetry, the frame may be cut or not cut by the axes of symmetry.
Consequently, the number of the possibilities to attach the motor is:

Mc ¼ NdspJ þ ðJcx þ Jncx=2Þ þ ðJcy þ Jncy=2Þ ð3Þ

where: Ndsp = (N − Nc)/4 is the number of double symmetrical pair (here Ndsp = 1),
Jcx, Jcy and Jncx, Jncy are respectively the number of joints cut and not cut by the
axes of symmetry (Ox) and (Oy).

3.2 Two Degrees of Freedom Chains

Conventionally, the position of the first actuator is arbitrarily chosen relatively to
the frame, the second actuator is positioned onto the remaining joints of the
mechanism. For a chain with no axis of symmetry (Fig. 3a) there are “J choose two”
J(J − 1)/2 possibilities to form different combinations between the positions of the
two actuators for a given position of the frame. From this number, (6nα − Ncl)
possibilities are withdrawn since the α loops do not allow two actuators to be
positioned (nα is the number of the α loops in the graph and Ncl is the number of
common binary links between two neighbour α loops). Since the chain has no
symmetry, there are N possibilities for positioning the frame. Thus Mc is given by:

β1 β2α

linkage/ chain G1-8
3 G1-8

12 G1-8
9

γ−α1−α2 α1-β-α2 β1-α -β2

γ
α1

α2 α1 α2
β

α2

α1 β

β2

β1 α-γ α1

α2

(a) (b) (c)

Fig. 2 Chains with: a no axis of symmetry; b single symmetry; c double symmetry (M = 1)
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Mc ¼ N½J J � 1ð Þ=2� ð6na � NclÞ� ð4Þ

Consider a chain with single symmetry (G2–9
13, Fig. 3b) whose graph contains

L loops and p couples of neighbour loops. As there are L possibilities of forming
different combinations between the positions of the actuator, Mc is:

Mc ¼ 1=2 N½J J � 1ð Þ=2� ð6na � NclÞ� þ NcJaf g ð5Þ

where: Jα is the number of symmetrical pairs of joints (situated symmetrically
according the axis of symmetry) which do not belong to an α loop and Ncl is the
number of common binary links between two neighbour α loops.

For the chains with double symmetry (Fig. 3c) there are
PL
1
i possibilities for the

formation of different combinations between the positions of the two actuators.
Thus, the general expression for Mc is:

Mc ¼ 1=4 Ncþ 1ð Þ½J J � 1ð Þ=2� ð6na � NclÞ� þ Ncx þ Ncy
� �

=2 1=2½J J � 1ð Þ=2þ Ja� � ð6na � NclÞf g
þ 1=4ðJa þ 2JcÞ

ð6Þ

4 Computer Program and Examples of Application

The method described above has been implemented for standard personal com-
puters operating under Silicon Graphics/Linux. The computer program is written in
standard C++ language. It generates the list of the number of possibilities that exist
for each case for mechanisms: with and without symmetries, with one and two
degrees of mobility (DOM). For each linkage, first a sub-program accepts (reads)
the number of DOF, links and joints, and creates and writes the base-files for that
case. Another sub-program uses these base-files as input files. Then both of them
enumerate all unique kinematic inversions (driving mechanisms) for 1 and 2
degrees of freedom (M = 1, 2).

β1

G2-9
37 loops/graph G2-9

13 loops/graph G2-9
29 loops/graph

α−β−γ β1−β2−β3

(a) (b) (c)

β2

β3

β

α

γ

β1 β2
α β

γ

β2β1β1 β2 β3

Fig. 3 Chains with: a no axis of symmetry; b single symmetry; c double symmetry (M = 2)

46 P. Mitrouchev et al.



The simplified block diagram of the computer program integrated in the model
processing workflow is presented in Fig. 4. In the model processing workflow the
atlases of linkages are acquired through files coming from CAD software.

Some results for Mc for different mechanisms with one and two DOM and
different numbers of links and joints are presented here below:

• for the two G1–6
i linkages with one degree of mobility, six links and seven joints,

the number Mc of distinct actuated (driving) mechanisms are 18 and 11 for
Stephenson and Watt chains respectively,

• for the sixteen G1–8
i linkages with one degree of mobility, eight links and ten

joints, the number Mc ranges from 10 to 80,
• for the two-hundred-thirty G1–10

i linkages with one degree of mobility, ten links
and thirteen joints, Mc ranges from 31 to 128,

• for the three G2–7
i linkages with two degrees of mobility, seven links and eight

joints, the values of Mc are 28, 78 and 79,
• for the thirty-five G2–9

i linkages of mobility two, nine links and eleven joints, the
number Mc of distinct actuated mechanisms ranges from 171 to 441.

The CPU time to calculate Mc for the 230 chains with 1 degree of mobility, ten
links and thirteen joints is 3.53 s (Intel Pentium P4C: 2.8 GHz computer running
Linux).

Mechanism and Machine Theory (MMT) - Type syn-
thesis

Atlases of linkages: M, N, J

Possibilities for 
fixing the frame(s)

Adjacency matrix for 
frame position

Adjacency matrix for
actuator(s) position

Possibilities for 
fixing the actuator(s)

List 2 List n

Import 

Precomputing 
(Preparation) 

Computing

ResultsList 1

Fig. 4 Pipeline of the model processing scheme with the simplified block diagram for mobility
one and two driving mechanisms enumeration
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5 Conclusions

This paper has presented a method for restricted morphological enumeration for
driving kinematic mechanisms with regard to the number of different possibilities
for positioning the actuators. The method is based on the exploitation of symmetries
and on the concept of loop and combinatorial analysis by taking into account the
frame position. The principal point considered relates to the different possibilities of
positioning one or two actuators according to the degree of mobility of the
mechanism. By successive immobilization of one of the links, the alternative
independent motor mechanisms were obtained, from a structural point of view and
for different cases of symmetries. Thus, an analytical method enabling the valida-
tion of the results obtained by applying the method for chains with one and two
degrees of mobility is proposed. Currently the proposed method is restricted to
planar pin-jointed mechanisms. The future goal is to extend the method to spatial
linkages mechanisms. For this purpose the atlases of spatial topologies will be
included at the number enumeration level and the computer program will be
extended based on mobility and connectivity laws of the Mechanism and Machine
Theory.
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Part II
Humanoid and Legged Robotics



Design and Experiments on a New
Humanoid Robot: TIDOM

A. Eon, P. Seguin, M. Arsicault and S. Zeghloul

Abstract This paper is focusing on a new humanoid robot developed by the
ROBIOSS team from the Pprime Institute. After a short presentation of its
mechanical and control design, a gait generation algorithm based on COG planning
is proposed in order to synthesize basic test motions. Two preliminary experiments
are carried out on the prototype of the locomotor system, in order to validate the
control scheme as well as the global design of the locomotor system of this fully
electrically actuated robot.

Keywords Humanoid robots � Mechanical design � Control � Gait generation

1 Introduction

The design and control of anthropomorphic walking robots is a great issue for
researchers all over the world [1]. The mechanical design of a humanoid robot,
especially defining the actuators requirements (speed, torque, power), is very com-
plex. This is due to several aspects. First of all, these requirements are task-dependant
(the robot will not use its actuators in the same way to sit on a chair or to walk
dynamically). Furthermore, a biped robot is a complex machine that involves an
important number of Degrees Of Freedom (DOF) which leads to highly coupled
phenomena. Finally, designers should take care of mass repartition and also of
geometric dimensions to build an anthropomorphic humanoid robot. This last “key
point” is very important in order to design robots as close as possible to humans.

Several platforms able to walk already exist such as HRP-4 from the AIST and
Kawada Industries [3], BHR5 from Beijing Institute of Technology [7].
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The ROBIOSS team from the Pprime Institute, which has already designed the
BIP2000 walking robot [5] in the past, has decided to create a new humanoid robot,
TIDOM. This paper presents the mechanical and control design of its locomotor
system. In order to validate the global design some preliminary gait experiments
obtained by COG planning are tested on a physical prototype.

2 Presentation of TIDOM

TIDOM is a new humanoid robot, with a skeleton made of aluminum alloy to
reduce its weight, with 26 DOF, 12 for the locomotor system and 14 for the upper
part. It will weigh approximately 16 kg for 800 mm tall. This paper is focusing on
its locomotor system (Fig. 1), already fully available. This device is weighting
10.8 kg and is 495 mm tall from its feet to its top plane.

2.1 Mechanical Design

The mechanical design of the locomotor system of TIDOM (Fig. 2) is quite dif-
ferent from other humanoid robots [3, 7] which are usually designed with a serial
chain from the ankle to the hip, formed by 3 rotational joints whose axis are parallel
one to the other. On TIDOM, a rotational joint was built on the knee to allow the
rotation of the thigh on its axis. This new design is interesting for mass distribution,
because, the motor ensuring the actuation of the rotational motion of the thigh could
be placed on a lower position.

Fig. 1 TIDOM
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The method proposed to generate preliminary motions is to plan the COG of the
robot in order to ensure a balanced motion. A CAD model was used to estimate all
the needed parameters, such as the position of the center of gravity, the mass, the
inertia, the length of each limb as well as the articular limit on every joints (Tables 1
and 2).

Fig. 2 Kinematic
architecture

Table 1 Articular limits

Articular coordinate Joint Min. angle (°) Max. angle (°)

q1/q12 Ankle: Abd./Add. −45 25

q2/q11 Ankle: Flex./Ext. −26 25

q3/q10 Knee: Flex./Ext. −70 0

q4/q9 Hip: Rotation −40 43

q5/q8 Hip: Flex./Ext. −10 33

q6/q7 Hip: Abd./Add. −20 20

Table 2 Segment properties

Rigid body Mass (kg) Length characteristics

Si mi

S1/S13 Foot 0.43 L1_longitudinal = 185.3 mm ; L1_transversal = 79.1 mm

S2/S12 Ankle 0.56 H2 = 63.5 mm

S3/S11 Shank 1.22 L3 = 160 mm

S4/S10 Thigh 1.08 L4 = 168.2 mm

S5/S9 Inf. hip 0.35

S6/S8 Sup. hip 0.55 Lhip = 136 mm (distance between hip centers)

S7 Pelvis 2.41
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The motion transmission between motors and limbs is depending on the
considered joint as shown in Fig. 3. Most of the joints are actuated with a DC motor
coupled to a harmonic drive reducer on its shaft (black arrows in Fig. 3). For the
hip and the ankle joints, a universal joint is needed. It was then not possible to
keep this design to actuate the two required joints (flexion/extension and
abduction/adduction). This would have led to large transversal dimensions. As a
result, the proposed solution was to move the second motor in the limb, as well as
its reducer, let us call it “moved-transmission”. Two belt/pulleys transmissions are
used to adapt the power of the motor to the joint axis (blue and red arrows in Fig. 3)
leading to different articular performances on the considered joint axis (Table 3).
There are two different types of Faulhaber 24 V DC motor embedded in TIDOM:
3257 and 3863 references developing respectively 83 and 214 W. The 3863 DC

Fig. 3 TIDOM’s different transmissions

Table 3 Articular
performances

DOF: 1,3,4,5 DOF: 2 DOF: 6

Global reduction ratio 100 172 128

Nominal speed (RPM) 52.1 32 43.1

Max. speed (RPM) 70 40.7 43.6

Nominal torque (Nm) 3 3 5.8

Max. repetitive
torque (Nm)

5.1 5.1 9.9

Impulse torque (Nm) 8.1 8.1 15.7
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motors are used for the “moved-transmission” joints in order to support the
increased friction for these particular axes due to multiple revolute joints and
reducers, and also to increase the articular performances for the
abduction/adduction joint of the hip.

2.2 Control Architecture

The control architecture (Fig. 4) is based on distributed axis controllers (one per
axis), embedded on the robot and placed close to the motors. These controllers are
linked to an industrial Programmable Logic Controller (PLC) with 2 CAN buses
(one per leg, to increase the bandwidth). The supervision is made by a distant PC
connected to the PLC over an Ethernet link.

The PLC is referenced X20CP3486 from B&R Automation with an Intel
Celeron 650 processor inside and an industrial real-time OS called Automation
Runtime.

The axis controllers are Elmo Whistle referenced SOL-WHI A10/60E01. They
are extremely compact intelligent digital servo drives and are able to drive motor
with a peak power up to 480 W and to control the axis loop (Current, Speed,
Position). It receives periodically (10 ms) its orders from the PLC and sends back its
state, position and eventual errors over CAN Bus.

TIDOM is equipped with 12 encoders (one per motor, 512 pulses/rev), directly
mounted on the motor shaft. This information is used by the axis controller to drive

B&R PLC
X20CP3486

CANopen
communication

24 VDC
Power supply Motion controller

Incremental
encoder

Faulhaber
DC motor

Powerdrive

Current 
measurePWM

Fig. 4 Control architecture of TIDOM
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the motor in close loop (position and speed). The articular displacement is com-
puted from this measure and sent to the PLC over CAN bus.

TIDOM’s feet are equipped with 3 ENTRAN ELFM unidirectional force sensors
to measure the normal contact force in three different points (Fig. 5). With this, it is
possible to compute the measured ZMP of the robot during the motion. The
acquisition is made directly on the PLC with adequate additional modules.

3 Preliminary Experiments

The method used to generate motions is based on a particular case of ZMP criterion
[6]: the dynamic balance of the motion is ensured if the ZMP is within the support
polygon. Instead of using the ZMP, the gait generation is based on the projection on
the ground of the COG of the complete multibody model.

3.1 Quasistatic Gait Generation

The first step needed to synthesize a motion consists of defining the reference path
of the COG, its projection being located within the support polygon. To avoid
torque peaks, these references are built as piecewise polynomial functions of time
with null speed and acceleration at the beginning and at the end of every phase. For
the motions tested here (squat and sway) the two feet are fixed to the ground.

The next step is to solve the Inverse Kinematics Model (IKM) of the serial chain
defined from the right foot to the left one (12 unknowns). The projection of the
COG needs to follow the reference paths (max 3 nonlinear equations). There are
also 8 nonlinear equations for the postural constraints (6 for the orientation and the
position of the left foot, 2 to avoid pitching and rolling of the pelvis S7). The last
constraints are the range limits of the 12 joints. The method used to solve this
redundant problem is to minimize at every time step k a criterion J given in Eq. (1)

Fig. 5 Force sensors
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under constraints with fmincon function from Matlab, using the Sequential
Quadratic Programming (SQP) algorithm described in [4].

J ¼ 1
2
� Dqt � Id12�12 � Dq ð1Þ

where Dq ¼ qk � qk�1 and qk is the articular coordinate vector at time step k.
The solution that minimizes this criterion leads to the one that limits the variation

of the joint angles during the motion. Self-collisions and joint limits are checked
after the IKM.

3.2 First Experiment: Squat Motion

The first basic task tested on the robot is a squat motion. The COG moves only on
the vertical axis (Fig. 6). The robot starts with stretch knees and lowers its COG
10 mm down. The total time of the motion is set to 2 s.

Figure 7 shows the position of the feet on the ground plane as well as the COG
reference (in red) and the computed ZMP (in green) for the synthesized motion.
The ZMP remains very close to the projection of the COG and stay inside the
sustentation polygon. Figure 8 is a snapshot of the motion tested on the robot (from
top left to bottom right). The behavior of the robot is coherent with the computed
one.

Fig. 6 Squat motion: COG reference trajectory
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3.3 Second Experiment: Sway Motion

In order to test the behavior of the robot in a transversal plane, a sway motion is
tested. The COG reference paths are given in Fig. 9.

Fig. 7 Squat motion: COG reference trajectory and computed ZMP on the ground

Fig. 8 Squat motion snapshot
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The robot starts with 30° initial knee flexion and transfers its COG on the left
foot. The transfer phases last 1.2 s. The robot keeps its COG fix on its left foot
during 3.8 s. The maximum transversal speed of the COG is 0.039 m/s.

Figure 10 shows the position of the feet on the ground plane as well as the COG
reference (in red) and the computed ZMP (in green) for the synthesized motion.
The ZMP overshoots the COG reference trajectory (8.7 mm) but still remains inside
the sustentation polygon. This is a typical behavior of humanoid robots during
double support transfer phases, due to a large displacement in a short time. To
correct this behavior, a ZMP planning method should be used [2]. Figure 11 is a
snapshot of the motion tested on the robot (from top left to bottom right). The
behavior of the robot is coherent with the computed one.

Fig. 9 Sway motion: COG reference trajectory

Fig. 10 Sway motion: COG reference trajectory and computed ZMP on the ground
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4 Conclusions

The first experiments carried out on TIDOM have shown the good behavior of the
robot in terms of mechanics, control and balance. These motions are parameterized
and additional tests could be carried out with different durations and displacements
without any difficulties. The COG planning is sufficient for basic motions, but a
more complex motion algorithm will be used to synthesize and to test walking or
stepping motions. This will be the next step of this study.
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Experimental Inspiration and Rapid
Prototyping of a Novel Humanoid Torso

D. Cafolla and M. Ceccarelli

Abstract In this paper, problems for design and operation of solutions for a robotic
torso are discussed by referring to a background with experiences and designs that
have been developed at LARM in Cassino, Italy. A new solution is presented with
conceptual views as waist-trunk structure that makes a proper partition of the
performance for walking and arm operations as sustained by a torso.

Keywords Humanoid robots � Design � Torso � Rapid prototyping

1 Introduction

Human torso pays an important role in human body in both capability and per-
formance during actions. Its anatomy is quite complex as composed of several
systems whose integration ensures a very efficient functioning. Understanding of
the anatomy of human torso is very helpful for achieving successful humanoid
designs to not only replicate human anatomy but also even for better functioning of
human-like operations.

Human-like torso features are essential in humanoid robots. Humanoid robots
have been designed and built in the last decades as much as the technology has
permitted complex integration of multi-body systems with suitable capabilities in
actuators, sensors, control equipment, artificial intelligence, and interfaces [1, 2].
They have been used within lab environments, but even in some implemented
applications with the main purposes of exploring design solutions and performance
capabilities in mimicking humans and their actions.
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Recently, solutions have reached market availability with user-oriented perfor-
mance, like for example Nao [3] and Pino [4], although they still require high
expertise for a proper operation and use. Humanoid robots are still studied and
developed by many research groups. The Japanese have been leaders in this
research field since the beginning of modern developments of humanoid robots.
A first prototype named WABOT-1 started walking since 1972 [5]. This and many
other prototypes have been developed at Waseda University, Tokyo [6]. In Japan
other relevant prototypes have been also built such as BLR-G2 at Gifu University
[7], and ASIMO by Honda Motor Corporation [8], and many other research groups
are still working in this field. In fact, the National Institute of Advanced Industrial
Science and Technology in Tokyo (AIST) is sponsoring a humanoid project, which
has begun in 1998, by supporting 15 research institutes throughout Japan [9], with
last HRP-2P solutions. Also in USA and Europe there are many researchers
working on humanoid robots. Some interesting prototypes of humanoid robot are:
JOHNNIE and ERMES at the University of Munich (Germany) [10, 11]; ARMAR
at University of Karlsruhe (Germany) [12]; ELVIS at Chalmers University in
Goteburg (Sweden) [13]; ROBONAUT, DART and EVA by NASA (USA) [14];
COCO, COG and KISMET at MIT (USA) [15]; the hydraulic and pneumatic
humanoid robots for entertainment by SARCOS (USA) [16]; Humanoid
Robot CENTAUR at KIST (South Korea) [17]; The Human Robot at KAIST
(South Korea) [18]; JOHNNY WALKER at the University of Western Australia
(Australia) [19].

In general a special attention on torso structures in humanoid robots can be
understood as focused along two main directions, namely design developments of
sophisticated solutions towards fully android behaviors, and design arrangements of
limited-skill solutions towards low-cost easy-operation systems. Most interesting
advances are worked out in project developments for sophisticated solutions, like
for example for the above mentioned Honda Asimo, Wabian, HRP humanoids. But
those advances are also used in the second category of approaches where challenges
are attached to achieve torso designs and operations with less complicated solutions
for a more user-friendly operation and practical implementation.

This paper is aimed to present a torso solution for humanoid robots with a design
that is based on a driving parallel manipulator kinematic architectures (PKM).

2 The Attached Problem

In general, humanoid robots are developed to fully mimic the structure and oper-
ation capabilities of human beings within research and development projects both
with application purposes and study aims.

Human torso is a central platform of human body to which limbs are attached and
within which most of the organs are located. Its anatomy is very compact and
complex, mainly consisting of a skeleton system and muscle assembly as concerning
with biomechanical functions, Fig. 1, [20]. Main requirements and design structures
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of torso for a humanoid robot can be summarized as in Fig. 2, in which a seg-
mentation of the system emphasizes primary functions of subsystems as specifically
focused on mechanical properties related to trunk and waist. It is remarkable that
although the gross motion of the torso can be described with 3 d.o.f.s (degree of
freedom), the human torso is a multi-d.o.f. system whose d.o.f. identification can be
related both to the gross d.o.f.s and multiple spine d.o.f.s.

There are hundred pairs of muscles and ligaments, complex blood and nervous
systems with different functions to make a human torso an important part of the
human body with high performance capabilities. These characteristics are those that
in general are the main design goals in designing such a torso platform in humanoid
robots. This aspect is stressed in the scheme of Fig. 2 where additionally the torso is
partitioned in trunk and waist to which different main functions are demanded. The

Fig. 1 Anatomy of human
torso. a Skeleton structure.
b Muscle system

Fig. 2 A scheme for torso
main features towards robot
design
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trunk task can be recognized in motion capability and organ/equipment storage, and
the waist can be characterized by frame structure and balancing purposes.

By considering gross motions and main features of human torso it is also pos-
sible to model the torso system with three main body segments as reference plat-
forms likewise it is proposed in Fig. 3, [21] according to the idea of segmentation of
parts in a robotic humanoid structure. The trunk segmentation can be considered as
referring to the thorax platform connected to the waist platform whereas the waist
segment can be considered as related to the waist platform and pelvis platform.

Alternatively, as it is a widely used solution in current humanoid robots, the
torso structure is designed with a serial chain structure with well identified actuators
for the corresponding gross motions, like in the case in Fig. 4, [22], where the
platform body of the torso is reduced just to the connection link. The advantages of
such a design can be considered mainly in a fairly simple mechanical design and
direct operation control of those gross motions whereas main drawbacks can rec-
ognized in a limited payload capability with poor stiffness.

3 Human Torso Behavior Characterization

In order to work out human torso behavior characterization IMU (Inertial
Measurement Unit) sensors have been used. The characteristics of these sensors,
Fig. 5, are shown in Table 1, [23]. The measurement tests were carried out to
acquire the force acting on the human body during 7 different kinds of test
movements that were carried out by 12 subjects. Several parameters of the 12
subjects were taken to consider the forces acting on them such as: their height, their
weight, the length of their arms, the length of their legs, the torso diameter and the

Fig. 3 A scheme for platform
identification in human torso
[21]
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waist diameter. Each experiment was divided into 7 parts with different basic
motion, namely: turn left and right slowly maintaining the torso in a straight
position; turn fast from left to right maintaining the torso in a straight position; lean
forward and then backward slowly; lean forward and then backward faster; lean
right and left slowly; lean right and left faster; walk forward slowly. The procedure
can be shortly summarized in acquiring measurement data from IMUs on a subject
performing prescribed motion tests and successively in elaborating the acquired
measurements also for interpretation aims. Tests have been carried out with several
people and in Fig. 6 characteristic results are reported as referring to a the 12 male
and female different subjects of an average of 1.68 m in high and 720 N in weight.

A statistical study have been elaborated to obtain mean acceleration and
velocities for a mean people characterization developing a Matlab script. In order to
calculate the forces and velocities acting on the shoulder and along the spine
segment lengths and segments heights, have been considered. Segment lengths are
expressed in percentages of total body height, segment weights expressed in

Fig. 4 A design scheme for
humanoid torso in Wabian 2
in 2005 [22]

Fig. 5 A used IMU Sensor
[23]
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percentages of total body weight. The values in the computation represent mean
values for the individuals of the tests with a comparison with respect the ones in the
scientific literature.

An additional computation has been developed to extrapolate the mean angular
velocities, mass and linear acceleration and convert the velocities in deg/s from
rad/s using expression (1) and (2). The mean weight of the arm between male and
females is about 5 % (represented by the terms into parenthesis) of the total weight
of the body, the mass of the Trunk is about 4.5 % (represented by the terms into
parenthesis) of the total weight of the body, Eqs. (3) and (4). The final step is to

Table 1 IMU Sensor Characteristics [23]

Performance specifications Numerical data

Degrees of freedom 3 (Yaw, Pitch, and Roll)

Angular rate 0°–1200° per second

Accuracy (RMS) 1° in yaw, 0.50° in pitch & roll at 25 °C

Angular resolution 0.01° RMS

Update rate 180 Hz

Size 60 × 54 × 32 mm

Weight 67 g

Fig. 6 Measured angular velocities and forces during natural movements of a torso as function of
the 7 tests. a At the trunk part. b At the waist part
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compute the forces acting on the shoulders and on the trunk along the spine, having
the mass from (3) and (4) and having the acceleration measured through the
experiment, known parameters have been put into Eq. (5) one time for each sensor.

C ¼ 180
p

ð1Þ

V ¼ Vr C ð2Þ

Ma ¼ Mm
0:0512þ 0:0447

2

� �
ð3Þ

Mt ¼ Mm
0:468412þ 0:4500

2

� �
ð4Þ

F ¼ m a ð5Þ

Mean values of the seven parts of the experiment are plotted into different charts.
On X axes the number of the experiment is represented while on Y axes numerical
values are shown. Figure 6a shows the results that have been extrapolated through
the use of Sensor 2 positioned on the trunk of the subject. It shows the velocities
acting that have a range between (−3.7475; −1.3568; −1.3770) deg/s and (0.9780;
1.9248; 1.2551) deg/s; It also shows the forces acting that have a range between
(209.6200; −27.8090; −116.6900) N and (290.9500; −9.4248; −80.7070) N.

Figure 6b shows the results that have been extrapolated through the use of
Sensor 4 positioned on the pelvis of the subject. It shows the velocities acting that
have a range between (−2.3621; −0.7038; −0.4180) deg/s and (0.2322; 0.4272;
0.6118) deg/s; It also shows the forces acting that have a range between (275.8000;
5.7680; −59.9120) N and (299.7600; 11.0850; −31.7120) N.

4 A New Design with PKM Structure

A design of the torso has been elaborated with the rapid prototyping. The trunk and
pelvis have been shelled and divided into two parts in order to make the prototype
light and compact as well as to optimize the consumption of the needed material for
the 3D printing. A humanoid human-like torso at human scale can be characterized
by the a 0.80–1.00 m height, 20–30 cm width, and 300–500 N weight. The shelled
trunk is shown in Fig. 7a and the shelled pelvis is shown in Fig. 7b. The two shells
have been connected with pins in order improve also the stiffness of the prototype.
A shape design has been developed to make the structure similar to a human chest.
Thus, a CAD model of the chest have been developed to extrapolate the most
important curves and to use them to reshape the platform structure. The entire
assembled structure is shown in Fig. 7c. In particular, in the 3D printing process the
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Replicator G software of 3D printer has been used to properly locate the parts on
printer base and the Slic3r routine has been used for positioning several parts within
the printing volume to produce several parts in few sessions and to save printing
material and support material. Before printing different gcodes were generated to
simulate the 3D printing. GCodeSimulator was used to simulate the 3D printing for
an estimation of the used materials, final volume, final mass, and final dimensions.
Once optimized the model, the entire prototype has been printed and Figs. 7 and 8
show the results with the assembly and driving parallel mechanism for the torso
design with human-like appearance and performance. A kinematic model is pro-
vided in Fig. 8b and several simulations have been carried out to choose suitable
actuators as described in [24] and [25]. The proposed system has 3 d.o.f.s. The
location of the actuator has been added in Fig. 8b. The chosen actuators are MG995
Tower Pro servomotors which characteristics are: No-load Operation speed:
0.17 s/60° (4.8 V) 0.13 s/60° (6.0 V); Input Voltage (limits): 6 * 20 V; Working
Torque: 13 kg/cm at 6.0 V; Rotate Speed: 53–62 R/M; Rotation angle range: 0–
180°; Working Voltage: 3.0 * 7.2 V; Working current: 100 mA; Structure
material: metal gear, dual ball bearings; Dimensions: 5.5 × 3.7 × 1.8 cm; Weight:
60 g.

Fig. 7 3D printing prototype of a PKM torso. a Prototype Rendering. b 3D Printed prototype
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5 Conclusions

Torso design pays and important role in human-like operation of humanoid robots.
The characteristics of human torso can be partitioned in waits and trunk as struc-
tures that perform mainly supporting actions for leg walking and arm manipula-
tions, respectively. A solution is presented as based on PKM architectures as result
of an experimental characterization of basic motion of human torso by using inertial
magnetic sensing tools. A prototype was designed and a Rapid Prototyping simu-
lation has been carried out by using different software to optimize a final 3D printed
prototype. The built 3D prototype fully respects the design targets with light
structure of 10.38 kg when compared with human structure, with low-cost and easy
to manufacture features, and with easy operation to be controlled because of its pure
revolute joints.
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Design of Robots Used as Education
Companion and Tutor

Albert Causo, Giang Truong Vo, I-Ming Chen and Song Huat Yeo

Abstract Robot has a special appeal in education as it can enhance interaction
between content-user like students, content-producer like teachers, and the actual
material content. Deciding on the form of the robot to use in exploring, testing and
implementing educational ideas can be challenging for researchers and educators
since form and function could affect user-interaction and determine implementation
success. This paper presents a review of published works on robots used in
education. Robot design is analyzed with special focus on form, actuation and
mobility, interaction capability, and sensing. Robots are grouped into three cate-
gories based on the forms they take: humanoid, semi-humanoid, and pet-like.

Keywords Robot design � Education � Humanoid � Semi-humanoid � Pet-like
robot

1 Introduction

The use of multi-media tool including robotics has become increasingly popular in
recent years, helped with children being more accepting and playing more with
technologically advanced devices [1]. Robots have been used to study cognition,
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language learning, social interaction, and domain specific subjects such as com-
puter, mathematics, and sciences [2].

Robots in education could be categorized according to the target user, venue of
learning, subject domain or robot role [2, 3, 4]. The target users could be students,
ranging from pre-school to secondary students. A robot appeals to younger users
because it allows total physical response (TPR), which is difficult to accomplish
with multi-media tools [5]. Learning venue is another way of classifying robots
which is not limited to curricular activities (learning) and extra-curricular activities
(at home or under guidance of parents or instructors).

Early applications of robots in education was in the field of computer science
and programming. While non-technical domains include music [6] and language
learning [7, 8]. Some robots have also been employed as socially assistive agents to
encourage cognitive and social development of children [9].

Shin and Kim [10] have classified the role of robots in education into learning
tool, learning companion, and learning instructor. Mubin et al. [2] also referred to
the three roles as tool, peer, and tutor. As a tool, the robot is a technology aid which
students can use to learn the course material. As a peer, robots provide assistance
like prompting or providing feedback to students in going though the course
material. The most challenging role of a robot is as a tutor, as it requires better
communication and autonomy technology than what is currently available.

As robotics in education continue to advance, it is important to provide an
overview of the robots that have been used. Reviews such those by Mubin et al. [2]
and Goodrich and Schultz [4] cover the applications, successes, and challenges of
the field.

However, deciding on the design of the robot is not the easiest task. Guidelines
on robot design are not readily available and borrowing design concepts from other
professional fields, such as toy design and psychology, is not enough.

This paper aims to present a review of robots with physical embodiment and
capable of providing user-interaction that are used as education companion and
tutor, a subset of socially assistive robots. The papers reviewed were found on IEEE
Xplore Digital Library, ACM Digital Library, Science Direct, SpringerLink, ERIC,
and Academic Search Premier. Section 2 presents the design aspects reviewed which
include form, actuation and mobility, interaction capability and sensing. Section 3
discusses the most popular robots available. The paper is summarized in Sect. 4.

2 Design Criteria

Robots with similar functionality tend to have similar design and functionality. This
section discusses the similarities in robot design, as applied in education robots.
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2.1 Form

We categorized the robots into three: humanoid, semi-humanoid, and pet-like.
A humanoid robot’s resemblance to humans makes it attractive as a platform for
education. For example, Nao [11, 12] and Asimo [13] look like a small child, and
encourage children to interact. While humanoid robots have bi-pedal mobility, the
lower body of semi-humanoid robot use wheels to move around. Examples include
Tiro [6], Robovie [14], and Papero [15]. Saya [16, 17] is also classified as a
semi-humanoid due to its lack of lower body mobility.

Pet-like robots may take the form of pets, animals, or fantasy characters. Pleo is
a dinosaur [18, 19] and Dragonbot is a small-sized dragon character [20]. Pet-like
robots are usually designed for specific tasks in mind: iCat is meant to convey
emotional feedback to the user [21].

The form of the robot could require some design features to be added, for
example, fur like materials for pet-like robots and silicon for others. Without
additional “skin”, robots would have it’s default cover of metal and plastic.

2.2 Actuation and Mobility

These education robots cover a big range of degrees-of-freedom (DOF).
Humanoids, semi-humanoids, and legged pet robots tend to have more than 20
DOFs. Leonardo has 69 DOFs [22] with most of the DOFs for the control of facial
expressions.

For humanoid robots, mobility is provided by two legs while semi-humanoids
rely on wheels, which provide maneuverability and stability. An advantage of
humanoid and semi-humanoid robots is their arms, which could be used for ges-
turing and providing feedback to the user.

2.3 Interaction Capability

To be learning peer or tutor, robots must be able to interact with the users, of which,
speech recognition and speech synthesis are the most important capabilities.
Instructions and feedback are given or obtained by the user through robust speech
processing software.

Another key factor in interaction is facial expression or a way of conveying the
robot’s “emotion”. Robots like Leonardo [22] has a face whose skin can be con-
trolled by actuators, enabling emotion to be displayed. Other robots rely on elec-
tronic face, like Dragonbot [20], which uses a digital display for eyes.

While gesture recognition mostly depends on software, generating appropriate
gesture to accompany the robot’s audio is mainly a hardware issue. In this regard,
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humanoids and semi-humanoids have an advantage over pet robots. Gesturing for
communications and providing directions is possible if the robots have arms.

2.4 Sensors

Full robot autonomy is difficult to achieve without the robots being able to sense its
environment and users. The sensors can be grouped into two broad categories:
sensors for navigation and sensors for interaction. Navigation sensors include laser
range finders or ultrasonic sensors to avoid collision and aid in navigation path
planning. Pressure sensors and touch sensors on the feet and other body parts are
also installed in some robots to help with collision avoidance.

For communications, microphone and speakers are required components of the
robot, either as inherent part or as external devices connected to the robot. For the
vision system of the robot, standard video cameras are usually built in and become
the physical eyes of the robots. To augment the capability to detect people and
distance, stereo cameras are sometimes included in the robot, or an external one is
placed behind the robot.

3 Robots in Focus

3.1 Humanoid Robots

3.1.1 Nao Robot

Nao Robot (see Fig. 1b) was developed and launched by Aldebaran Robotics in
2004 [12]. It is a humanoid robot that features up to 25 degrees of freedom
(DOF) which helps NAO re-create smooth human-like motions like walking and

Fig. 1 Humanoid Robots
(left to right): Asimo and Nao
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dancing. It had been used as a care-receiver in a vocabulary learning context, where
the children learned English along the way as they taught Nao robot [11]. Even
though NAO could be operated autonomously, it could also be tele-operated using
the Wizard-of-Oz technique. The Nao robot is equipped with an Intel Atom CPU
running at 1.6 GHz and uses Linux operating system. It has built-in cameras,
microphone and speakers, and can perform voice recognition, speech synthesis and
moving object detection.

3.1.2 Asimo Robot

ASIMO (see Fig. 1) is a humanoid robot developed by Honda [13] and designed to
be a multi-functional mobile assistant. In the educational field, it was employed to
study interactive learning between children and robot as a companion [13]. In the
latest model (2014), Asimo is 130 cm tall, weights 50 kg and features 57 DoF in
total. It has extensive functions which can recognize voice, face, gesture and
moving objects.

3.2 Semi-humanoid Robots

3.2.1 Tiro Robot

The teaching assistant robot, Tiro (Fig. 2) helped teachers as an educational media
in class, and as children’s classmate for music [6] or English learning [5]. Teachers
could also use a remote-control to interact with the robot if they were across the
classroom. Tiro displayed and explained the learning material while the teacher
roamed around the classroom and attended to any individuals who needed extra
help. Tiro had been used for class management such as checking students’ atten-
dance, getting attention, and acting as a timer for activities and as tutor such as
providing lesson objectives, conversation scripts, English chants and dancing,
storytelling and role playing, praising and cheering up. Tiro stands 130 cm high and
weights 70 kg, with 8 DoF (3 DoF on each arm and 2 wheels). It has an LED panel

Fig. 2 Semi-humanoid robots (from left to right): Tiro, Robovie R3, PaPeRo, Maggie, Saya
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to display emotion with 60 templates. It also has cameras for localization and user
recognition, as well as 16 pairs of ultra-sonic sensors.

3.2.2 Robovie R3

The Robovie R3 (Fig. 2) stands 108 cm tall, weighs 35 kg, 17 DOF (eyes × 4,
neck × 3, 2 arms × 4, 2 wheels), and 11 tactile sensors throughout its body. It is
equipped with 2 USB cameras for eyes, 2 mono microphones for ears, a speaker for
a mouth, and can be equipped with a laser range finder in its base for obstacle
detection. It also communicates with a local network which includes other robots,
cameras, and mobile phone services. Robovie offers voice-based casual English
conversation, and nonverbal communication. It serves hundreds of interactive
behaviors such as shaking hands, hugging, playing rock-paper-scissors, exercising,
greeting, kissing, singing, briefly conversing, and pointing to objects in the
surroundings. Those services made children interact with Robovie over the
long-term [14].

3.2.3 Papero

The PaPeRo (Fig. 2) by NEC is 38.5 cm tall, weighs 5 kg [15], has 4 DoFs (2 for
the neck and 2 wheels), and has 2 cameras for facial recognition and microphones
for voice recognition. It also has ultra-sonic sensors for object detection and
avoidance in order to roam around looking for people and start conversation using
speech synthesis software. PaPeRo can also connect to the Internet to look for
information when asked.

3.2.4 Maggie

Maggie (Fig. 2) is another wheeled robot with 6 DOF (2 for head, 1 for each arm
and 2 wheels). In total, it has 12 sets of bumper, IR, sonar and tactile sensors, as
well as 2 camera, a laser scanner and a tablet.

3.2.5 Saya Robot

First developed as a receptionist robot in 2004 [16], Saya was tested as teacher
(tutor) in a real Tokyo classroom in 2009 with primary school students. With
expressive human-like face featuring 27 DoFs, the robot can display several
emotions and give basic instruction through its speech recognition and synthesis.
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3.3 Pet Robots

3.3.1 Pleo the Dinosaur

Pleo (Fig. 3) was initially unveiled in 2006, with the latest iteration ‘Pleo rb’
released in 2011. It is a sophisticated robotic toy with features such as light, color
and object detection, beat detection to listen and dance to music. In order to
facilitate such functions, it has a cameras, two microphones and sensors including:
12 touch sensors (head, chin, shoulders, back, feet), 4 ground foot sensors for
surface detection, 14 force-feedback sensors (1 per joint), orientation tilt sensor for
body position, and infrared mouth sensor for object detection inside the mouth. Pleo
has been used as a care-receiver to study the interaction and social skill develop-
ment of primary children [19].

3.3.2 EMuu

eMuu (Fig. 3) is an expressive, one-eyed robotic head which can display its
emotions based on social interaction with human.

3.3.3 Probo

Probo Robot (Fig. 3) was created by Vrije Universiteit Brussel to enable
human-robot interaction by face-to-face communication, with special focus on
children. Probo’s communicative skills lie initially on facial expressions: the robot
has 20 high-precision motors to actuate the ears, eyebrows, eyelids, eyes, trunk,
mouth and neck. For Probo, a shared control between the operator and the reactive
systems of the robot is targeted.

3.3.4 The Huggable

The Huggable (Fig. 3) is a new type of robotic companion being developed at the
MIT Media Lab for healthcare, education, and social communication applications.
It has a full body sensitive skin with over 1500 sensors, quiet back-drivable
actuators, video cameras in the eyes, microphones in the ears, an inertial

Fig. 3 Pet robots (from left to right): Pleo, eMuu, Probo, Aibo, The Huggable, Dragonbot,
Leonardo, iCat
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measurement unit, a speaker, and an embedded PC with 802.11 g wireless net-
working. In educational application, the Huggable serves as a semi-autonomous
robotic communication avatar controlled by a teacher via the internet to interact
with a student in an educational activity.

3.3.5 DragonBot

DragonBot (Fig. 3) is a platform built by MIT to support long-term interactions
between children and robots. The robot’s design is based on squash and stretch
principles of animation, which creates more natural and organic motion and allows
for a range of expressive body movements, while keeping the actuator count low.
The robot runs entirely on an Android phone, which displays an animated virtual
face. Additionally, the phone provides sensory input (camera and microphone) and
fully controls the actuation of the robot (motors and speakers). Most importantly,
the phone always has an Internet connection, so a robot can harness
cloud-computing paradigms to learn from the collective interactions of multiple
robots. A custom tele-operation interface that runs either on a tablet or laptop
computer allows researchers or caregivers a range of controls, from speaking and
acting as the robot to merely triggering pre-recorded speech and behavior [20]. To
support long-term interaction, DragonBot is a “blended-reality” character, if the
phone is removed from the robot, a virtual avatar would appear on the screen so that
the user could still interact with the virtual character. DragonBot was specifically
designed to be a low-cost platform that can support longitudinal human-robot
interactions “in the wild.”

3.3.6 Leonardo

Leonardo (Fig. 3) is another robot created by MIT Personal Robots Group to
facilitate the study of human-robot interaction and collaboration. Featuring 69
DoFs, Leonardo is not only able to display expressions but also perform gestures
and manipulation. Aside from facial and voice recognition, the robot can detect
temperature, proximity and pressure [22].

4 Summary

This paper shows a brief review of different robot designs used in education
research and pedagogy implementations. The robot criteria were compared based
on four major criteria: form, actuation and mobility, interaction capability, and
sensors.

Robots in the education field could be humanoid robot like Nao or as pet-like
characters like MIT’s Dragonbot. Though the robots vary not only in shape and size
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but also in functions, there are a few points that display the common features of
such robots:

• Like most social robots, they have good appearance to encourage the users to
interact, especially young users like students of kindergarten and primary
schools. Many of them have fur or textile skins to cover the mechanical frame,
like the Huggable and Probo, to facilitate physical interaction.

• While biped humanoid robots such as Nao has begun to have more applications,
immobile animal-like and pet robots still dominate in the educational context,
perhaps due to safety and reliability concern.

• All of the robots have embedded processor which can connect to the Internet
wirelessly to look for information if needed. They also possess at least two
perception modes to interact with human. Most of them can perform facial and
voice recognition and express emotion either by LED or mechanical means.
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Walking of a Biped Robot Balanced
with a Reciprocating Torso

Víctor De-León-Gómez, J. Alfonso Pámanes and Víctor Santibáñez

Abstract The results of walking tests on a five degree of freedom (DOF) biped
robot are presented in this paper. The robot is developed at the Instituto
Tecnológico de La Laguna in Mexico and uses a reciprocating mass as a balancing
device. The gait pattern proposed for the biped is based on cycloidal motions that
avoid impacts of the feet with the soil during the walking. The parameters of the
synchronized motions of torso and limbs keep balanced the robot and avoid satu-
rations of motor torques. Simulation of walking allow to verify the suitable
behavior of the Zero Moment Point (ZMP) before to accomplish the tests. The
obtained results of the experiments finally validate the efficacy of the proposed
walking pattern.

Keywords Biped robot � Gait pattern � ZMP � Cycloidal motion � Biped motion
planning

1 Introduction

The application of humanoid robots for tasks in environments normally used by
human beings has been largely considered by experts and interaction of these
machines with people is already a reality. Thus, biped locomotion appears as a
natural way of displacement for humanoids. Not any special installations are nec-
essary to make feasible the collaboration of this kind of robots anywhere (i.e. in
hospitals, cars, trains, airports, etc.) if biped walking is applied. Accordingly, a
number of studies on biped robots has been addressed to accomplish stable walking
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on several surfaces, slopes, steps, and stairs. Some prototypes have been applied for
experimental validation of the proposed approaches. A planar five bar biped robot,
named Rabbit, has been used for evaluation of controllers related to walking and
running, impact analysis, limit cycles and hybrid systems [7, 30, 31]. The robot
WEBIAN with 52 DOF is capable of walking at 0.21 m/s [10, 26, 27], and has been
used for analysis of stability of control algorithms [17, 32]. This kind of analysis has
been applied in the ASIMO humanoid, which has 57 DOF and abilities for walking,
running, jumping, turning, climbing and descending stairs [12]. The HRP-2, with 30
DOF and 58 kg [13, 16] has been used in several laboratories for a number of studies
on control, motion planning, and interaction man-robot, among other. The PetMan
humanoid, from Boston Dynamics, walks in a natural way and is capable of flexing
and jumping, getting an excellent gait even if perturbations occur [24]. Basically,
walking control of biped robots can be managed in both ways, by using time
dependent and non-dependent algorithms. The present paper deals with a biped
robot controlled by time dependent algorithms that apply a pre-specified trajectory.
Several authors have developed contributions on this subject; in [25] the BLR-G2
robot was controlled by a decoupled control for the frontal and sagittal planes. In
[15] a PID control for trajectory tracking was applied to the Meltran II robot. On the
other hand, for controlling a 5 DOF biped robot on [19], a calculated torque control
was considered, and studies of simulation were reported for trajectory tracking with
force control augmented of a 20 axis biped robot [9]. Other approaches for devel-
opment of controllers for trajectory tracking are based on the notion of the ZMP [29],
which is often used as criterion of walking stability [11, 13, 14, 17, 18, 23, 32].

Our biped robot, named Bip-ITLag, uses trajectories based on cycloidal laws for
motions of the free foot and hip on the sagittal plane. These kind of motions have
been earlier used for 3D walking of the Bioloid humanoid of 18 DOF [3, 22]. In
other works some advances on the development of the Bip-ITLag have been pre-
sented [1, 2, 4–6, 20, 21, 28]. Some simulation studies or preliminary experimental
analysis with the robot fixed from the hip were discussed in those papers. This
article presents the results obtained during the first real-time walking tests of the
Bip-ITLag robot. A description of the design of this biped is presented in Sect. 2.
The equations that describe the specified motions of the hip and foot are presented
in Sect. 3, and the equations for the forward and inverse kinematics of the robot are
considered in Sect. 4. In Sect. 5 the computation of the ZMP is included for the
proposed trajectories. Results of the developed walking tests with the Bip-ITLag
biped robot are showed in Sect. 6. The conclusions and comments on future work
are presented in the final section.

2 Biped Robot Description

The Bip-ITLag is 131 cm high and weights 92 kg. The displacement of the robot is
constrained to remain in the sagittal plane by walking on the horizontal plane. Each
femur and tibia of the robot uses a parallelogram linkage in order to avoid an
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additional DOF to control the orientation of the hip; thus, this one is constrained to
be parallel to the supporting foot, as showed in Fig. 1. The actuators of the legs are
brushless DC motors that are coupled to screw-nuts mechanisms, positioned in such
a way that the motors torque is amplified to produce the rotations of both, tibia and
femur. As appreciated in the aforementioned figure, the torso is a reciprocating
mass which is displaced on the frontal plane in order to keep balanced the robot
during the walking. The motion is generated by a brushless DC motor and trans-
mitted through a timing belt to the torso. The design of the balancing mechanism
can be also appreciated in Fig. 1; the counterweight bars are 91.44 cm long, and the
weight of the whole balancing mechanism is 27.70 kg (8.68 kg of the frame and
19.02 kg of the counterweight) (Fig. 2).

3 Trajectory Planning

The trajectory planning for motions of the foot and hip should be achieved in such a
way that stable walking be obtained. The cycloidal trajectories applied in this study
give null accelerations at the beginning and at the end of displacements, and
consequently dynamic forces of the links are not significant at this instant. Then,
when the motion is in progress, smooth changes of accelerations occurs, and major
shaking forces are avoided in the whole mechanism. This suitable behavior of the
dynamic forces contributes to the stability of walking. The cycloidal trajectories are
based on proposals made on [3, 22], where the trajectory parameters were suitably
chosen by taking into account the size of the robot. In the case of the Bip-ITLag the
parameters must be adjusted. The robot should to begin in a posture such that the
jambs are almost vertical; then, when the first step is beginning the hip moves down

Fig. 1 ITLag biped robot
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helping to reduce torque consumption. For the biped robot Bip-ITlag the cycloidal
trajectories are defined by the following equations.

For the free foot

xp ¼ xpi þ s t
T1
� 1

2p sin
2pt
T1

� �h i
if 0\t� T1

xpi þ s if T1\t� T

(

yp ¼ hp sin
xp
s
þ 1
2

� �
p

� �
if 0\t� T

_xp ¼
s
T1

1� cos 2pt
T1

� �h i
if 0\t� T1

0 if T1\t� T

(

_yp ¼ hpp _xp
s

cos p
xp
s
þ 1
2

� �� �
if 0\t� T

xp
:: ¼

2ps
T2
1

sin 2pt
T1

� �h i
if 0\t� T1

0 if T1\t� T

(

yp
:: ¼ hpp xp

::

s
cos p

xp
s
þ 1
2

� �� �

� _xp
hpp2 _xp
s2

sin p
xp
s
þ 1
2

� �� �� �
if 0\t� T

Fig. 2 Path described by the
hip and feet of the robot
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for the hip

xc ¼ xci þ vct if 0\t� T1
xci þ s

2 if T1\t� T

�

yc ¼
yci þ hc 2t

T1
� 1

2p sin
4tp
T1

� �h i
if 0\t� T1

2
yciþ
hc 1� 2t�T1

T1
� 1

2p sin
4tp
T1

� �� �h i
if T1

2 \t� T1
yci if T1\t� T

8>>><
>>>:

_xc ¼ vc if 0\t� T1
0 if T1\t� T

�

_yc ¼
2hc
T1

1� cos 4pt
T1

� �h i
if 0\t� T1

2

� 2hc
T1

1� cos 4pt
T1

� �h i
if T1

2 \t� T

0 if T1\t� T

8>><
>>:

xc
:: ¼ 0 if 0\t� T

yc
:: ¼

8phc
T2
1

sin 4pt
T1

� �h i
if 0\t� T1

2

� 8phc
T2
1

sin 4pt
T1

� �h i
if T1

2 \t� T1
0 if T1\t� T

8>><
>>:

and for the balancing mechanism
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where T2 ¼ T � T1 represents time left on the trajectory, and e ¼ �1 is used for
changing counterweight motion direction every step.
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All the parameters used by the precedent equations are specified in Table 1. The
set of final parameters was established by completing a number of simulations until
obtaining a suitable behavior of the robot, with a stable walking and with no
saturation of the torques of motors.

4 Kinematic Modelling

The equations used for transforming the hip and free foot proposed motions to joint
motions of the robot are presented in this section. The vector of specified opera-
tional coordinates is xd ¼ ½xc yc xp yp�T , where ðxp; ypÞ and ðxc; ycÞ represent the
position of the free foot and the hip in Cartesian coordinates respectively, and
coordinates ðxs; ysÞ give the current position of the foot fixed on the floor. Both
positions are referred to the frame shown in Fig. 3. On the other hand, the joint
variables are the components of the vector qd ¼ ½qd1 qd2 qd3 qd4�T where qdi, with
i ¼ 1. . .4, represent the angle of the robot’s i link, as shown in Fig. 3. The joint
variables determine the instantaneous posture of the robot during the walking. The
values of the parameters showed in Fig. 3, that define the geometry of the robot, are
given in Table 2.

The forward kinematic model of a serial robot of n DOF is a function that relates
qd and xd . This function allow us to find the relationship between operational
coordinates and the joint variables of the robot.

xd ¼ f ðqdÞ; ð1Þ

Table 1 Trajectory tracking
parameters proposed for the
Bip-ITLag robot

Parameter Description Value Unit

T Step period 6.0 [s]

T1 Simple support period 3.0 [s]

s Step size 0.3 [m]

xpi Foot’s initial position −0.15 [m]

hp Foot’s maximum height 0.03 [m]

xci Hip’s initial X coordinate 0.075 [m]

yci Hip’s initial height 0.79 [m]

hc Hip’s maximum height −0.01 [m]

vc ¼ s=T Hip velocity 0.05 [m/s]

rini Counterweight initial
position

−0.28 [m]

Dr1 1st counterweight
displacement

0.028 [m]

Dr2 2nd counterweight
displacement

0.252 [m]
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For the Bip-ITLag, the forward kinematics equations are given by

xc
yc
xp
yp

2
664

3
775 ¼

Lðcosðqd1Þ þ cosðqd1 þ qd2ÞÞ þ xs
Lðsinðqd1Þ þ sinðqd1 þ qd2ÞÞ þ ys

Lðcosðqd1Þ þ cosðqd1 þ qd2Þ þ ðcosðqd3Þ þ cosðqd3 þ qd4ÞÞÞ þ xs
Lðsinðqd1Þ þ sinðqd1 þ qd2Þ þ ðsinðqd3Þ þ sinðqd3 þ qd4ÞÞÞ þ ys

2
664

3
775

On the other hand, the inverse kinematics can be expressed by the generic vector
equation qd ¼ f�1ðxdÞ And the equations of the inverse kinematics for the
Bip-ITLag are:

Fig. 3 ITLag biped robot’s
leg schematic representation
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2
e1 cos�1 ðxc � xsÞ2 þ ðyc � ysÞ2 � 2L2

2L2

 !

qd2 ¼ atan2 ðyc � ysÞ; ðxc � xsÞð Þ þ 1
2
e2 cos�1 ðxc � xsÞ2 þ ðyc � ysÞ2 � 2L2

2L2

 !
� qd1

qd3 ¼ p� atan2 ðyc � ypÞ; ðxc � xpÞ
	 
þ 1

2
e3 cos�1 ðxc � xpÞ2 þ ðyc � ypÞ2 � 2L2

2L2

 !

qd4 ¼ atan2 ðyc � ypÞ; ðxc � xpÞ
	 
� 1

2
e4 cos�1 ðxc � xpÞ2 þ ðyc � ypÞ2 � 2L2

2L2

 !
� qd3

where

ei ¼ þ1 Human posture ðknee forward)
�1 Bird posture ðknee backwards)

�

Now, in order to determine the relationship between operational and joint velocities
the time derivative of Eq. (1) is obtained:

_xd ¼ JðqdÞ _qd ð2Þ

where JðqdÞ is the jacobian matrix defined as

JðqdÞ ¼
@f ðqdÞ
@qd

:

Then, by isolating _qd from (2) we determine the desired vector of joint velocity:

_qd ¼ J�1ðqdÞ _xd: ð3Þ

On the other hand, getting the time derivative of Eq. (2) we obtain

Table 2 Geometric parameters of the Bip-ITLag biped robot

Parameter Description Value Unit

L Link length 0.40 [m]

W Link width 0.21 [m]

b1, b4 Curvature angle of the tibia 0.1977 [rad]

b2, b3 Curvature angle of femur 0.1791 [rad]

d1, d4 Distance from the screw joint of the tibia to knee 0.09 [m]

d2, d3 Distance from the screw joint of the femur to hip 0.115 [m]
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xd
:: ¼ _JðqdÞ _qd þ JðqdÞ qd

::
: ð4Þ

Finally, isolating qd
::
from (4) we have

qd
:: ¼ J�1ðqdÞ½xd

:: � _JðqdÞ _qd� ð5Þ

that represent the desired joint accelerations.
As observed in the previous section, for the counterweight, the position, speed

and acceleration desired (rd , _rd y rd
::
) are directly assigned based in cycloid motions.

5 ZMP as Walking Stability Criterion

The walking of a robot can be divided into two phases, simple support phase
(SSP) and double support phase (DSP). The SSP occurs while the robot is doing a
step and it is supported by only one foot. The DSP take place since the instant when
the feet are touching the floor until one of them launches. During the walking, the
forces and torques in joints generated by the motion of the biped robot are reflected
in the support foot (or feet). In this foot (or feet), if the equilibrium of the robot is
kept, the reaction of the floor must to produce the required moment and forces.
Thus, the horizontal torques that can be exercised by the floor over the support foot
(or feet) are in X and Z directions and are generated by the vertical component of
the restrictive force of the floor. The theoretical point where this force acts has been
called by Vukobatrović Zero Momento Point (ZMP) [29]. Consequently, to keep
the robot balanced during the walking it is necessary that the ZMP stay inside the
support polygon of the robot’s feet. This polygon is the footprint in SSP or the
convex area between footprints in DSP.

For the walking of the Bip-ITLag, with the launching of the oscillating foot, at
the beginning of the SSP, the control starts for trajectory tracking of variables
corresponding to the oscillating foot and the hip. At the same time, the counter-
weight is kept on the same side of the support foot in such a way that the ZMP is
into the support polygon corresponding to this foot. When the step finishes, the
DSP starts and the support polygon growth; then, the counterweight is displaced
toward the opposite side by applying a cycloidal motion in such a way that the
equilibrium of the robot is retained. This process is repeated at each step.

The ZMP coordinates of the Bip-ITLag can be obtained as
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xzmp ¼ �sTz � ht fTx
fTy

ð6Þ

zzmp ¼ sTx � ht fTz
fTy

ð7Þ

where ht represent the height of the ankle corresponding to the support foot, i.e. the
vertical distance from the soil to the joints of the support foot with the tibia. fTx, fTy
and fTz are, respectively, the x, y and z components of the force applied by the robot
on the support foot through these joints; and sTx and sTz are, respectively, the x and
z components of the moment applied by the robot on the same joints. Such forces
and moments appear as consequence of the inertial and gravitational effects of the
motion.

Figure 4, shows the path of the ZMP obtained in a simulation process by using
the best values of the parameters of motion given in Table 1. It can be observed that
the generated path is always inside the support area, which means that the robot will
keep a stable walking.
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Fig. 4 Paths of the ZMP
obtained with the proposed
motions for the robot
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6 Experimentation

The experimental tests on the biped robot Bip-ITLag were completed in real time
by using the toolbox Real-Time Windows Target by Simulink, Matlab �. Two
Sensoray 626 data acquisition boards were used for communication and application
of the control signals. Five Kollmorgen drivers model S603 were used with the
AKM32D brushless motors of the same brand. The sampled time was 3 ms.

The law of control used for tracking the proposed joint trajectories is

u ¼ Kptanhða~qÞ þ Kd
_~qþ Sat Ki

Z
~qdt; c

� �
ð8Þ

where u ¼ ½l1 l2 l3 l4 fcp�T is the torque vector in the rotation and counterweight
applied force axis, Kp ¼ diag½kpi�, Kd ¼ diag½kdi�, Ki ¼ diag½kii�, tanhð#Þ ¼
½tanhð#1Þ tanhð#2Þ � � � tanhð#nÞ� and furthermore SatðmÞ ¼ ½satðm1Þ satðm2Þ � � �
satðmnÞ�, where satiðmiÞ ¼ signðmiÞminðjmij; ciÞ.

The parameters for the controller and gains used are defined in Table 3.
The parameters of trajectories used for achieving the experimental walking are

those obtained for simulation and computation of the ZMP in the precedent Section.
The period of walking applied, which gives the best stability of the robot, is 6 s (3 s.
for SSP and 3 s. for DSP). The control signals of torque supplied to the motors
during the tests are showed in Figs. 5, 6 and 7.

A sequence of postures while the robot walking during the tests is appreciated in
Fig. 8. Under the initial posture the rear foot is the left one, the counterweight is
positioned on the right side and, therefore, the first step is achieved by using the left
foot. When the first step finishes, a DSP start and then the counterweight moves to
the left side in order to balance the robot during the next step. A video of the robot
during the walking could be found in [8].

Table 3 Controller gains for
tracking task

Controller a kp kd ki c

l1 Tibia 1 1 110 2 35 100

l2 Femur 1 1 100 2 20 90

l3 Femur 2 1 100 2 20 90

l4 Tibia 2 1 100 2 30 90

fcp Counterweight 300 40 25 1 30
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Fig. 5 Applied torque control signal to tibia and femur motors of right leg during tracking task
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7 Conclusions

The results of walking tests in real time of the biped robot Bip-ITLag were pre-
sented in this paper. This robot was designed and built at the Mechatronics and
Control Laboratory of the Instituto Teconológico de La Laguna in Mexico. The
walking pattern of the robot is based on cycloidal trajectories of the free foot and
the hip in order to avoid impacts, and significant shaking forces, during the walking.
The parameters used for the walking of the robot were previously found by
achieving studies of simulation, and applying the ZMP as criterion of stability. The
control applied for completing the walking is a PID saturated one. By taken into
account the results obtained from the applied torques, it is feasible to propose

Fig. 8 Walking phases of the ITLag robot biped; first step is given with the left leg
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a quicker walking. However, we consider as future work, the previous incorpora-
tion of force sensors in the feet for real ZMP linear feedback, in such a way that a
more confident scheme of control be obtained.
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Part III
Parallel Manipulators



Determining the Reachable Workspace
for 6-DOF Delta Manipulators

C.K. Huang and K.Y. Tsai

Abstract This paper presents analytical methods that use the characteristics of
workspace boundaries to predict the equations for developing workspaces of
6-DOF Delta manipulators. All the equations can be determined by some extreme
points where all the limbs are at their joint limits. The study shows that the
manipulators have two different types of workspaces. How to develop Delta
manipulators with a better workspace is also investigated.

Keywords 6-DOF � Delta � Parallel manipulators � Reachable workspace

1 Introduction

The reachable workspace of a parallel manipulator is a set of points that can be
reached by the tool center point (TCP) on the moving platform. A point is in the
workspace if the point can be approached by at least one orientation of the platform.
Discretization methods are commonly employed to develop the workspace for
6-DOF manipulators. The methods are easy to implement, and they are applicable
to different types of parallel manipulators. However, searching for the exact
boundary of the workspace using a discretization method is very time-consuming,
and the result obtained can be just a theoretical workspace, as some of its subspaces
might not be reachable through a continuous motion starting from the initial
assembly configuration. The exact workspace boundary can be developed using
analytical methods, but the process is extremely complicated because the boundary
is not a smooth surface. It has been shown that the workspace boundary of a
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Stewart-Gough manipulator consists of many patches generated by different sets of
four constraint equations, so the boundary surface can be developed by solving four
equations [1]. The difficult part is searching for the equations to generate each patch
of the boundary surface. In a previous work, the characteristics of workspace
boundaries were employed to develop the compatible reachable workspace [2]. This
paper shows that some characteristics can be employed to develop workspaces for
different types of 6-DOF parallel manipulators.

The workspace of parallel manipulators has been intensively investigated over
the last three decades [3–5]. The studies, in general, are focused on 6-DOF
Stewart-Gough manipulators. This paper presents methods for developing work-
space for 6-DOF Delta parallel manipulators. Some characteristics of workspace
boundaries of Stewart-Gough manipulators are employed to predict the equations
for generating all the boundary patches. The characteristics of workspace bound-
aries are studied and how to develop Delta manipulators with a better workspace is
investigated. The proposed method is applicable to different types of 6-DOF par-
allel manipulators.

2 Characteristics of Workspace Boundaries

The characteristics of the workspace boundaries of 6-DOF symmetrical
Stewart-Gough parallel manipulators that can be employed to develop the work-
space for other types of manipulators are summarized in this section. Figure 1
shows a typical workspace boundary of a symmetrical Stewart-Gough parallel
manipulator. The boundary surface consists of several patches generated by dif-
ferent sets of four constraint equations (numbers k and k′ denote that the kth limb is
at the upper limit and lower limit respectively). The boundaries of those patches are
bifurcation curves with five limbs at limited positions, and the bifurcation curves
intersect at extreme points with six limbs at limited positions. Apart from the {6, 0}
upper extreme point A and the {0, 6} lower extreme point F, there are five types of
extreme points: Mi = {5, 1}, Ni = {4, 2}, Pi = {3, 3}, N0

i ¼ 2; 4f g and M0
i ¼ 1; 5f g,

for i = 1, 2, …, 6, where the first number and the second number in each bracket
denote the number of limbs at their upper limits and lower limits, respectively.

The extreme points, Mi (including Mi and M0
i), Ni (including Ni and N0

i) and Pi,
in the figure are termed type-1, type-2 and type-3 extreme points, respectively.
There are only six type-3 extreme points because Pi and P0i are coincident for
Stewart-Gough manipulators. This work uses sets of limbs at their limited positions
to denote the constraint equations for developing boundary patches, bifurcation
curves and extreme points. The six numbers for some extreme points on the upper
boundary in Fig. 1a are A = (1, 2, 3, 4, 5, 6), M1 = (1, 2, 3, 4, 5, 6′), M2 = (1, 2, 3′,
4, 5, 6), M3 = (1, 2′, 3, 4, 5, 6), N1 = (1, 2, 3′, 4, 5, 6′), N2 = (1, 2′, 3′, 4, 5, 6),
P1 = (1, 2′, 3′, 4, 5, 6′). As can be seen, the limbs at the lower limits from two
neighboring type-1 extreme points M1 and M2 (and the remaining four limbs at the
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upper limits) on the upper boundary generate the type-2 extreme point N1 between
them and there are two bifurcation curves that connect the type-2 point to the two
type-1 points. Furthermore, the three limbs at the lower limits from two neighboring
type-2 extreme points N1 and N2 on the upper boundary generate the type-3
extreme point P1 between the two type-2 extreme points and there are two bifur-
cation curves from the type-3 point to the two type-2 points. The extreme points on
the lower boundary have the same properties.

The five numbers obtained by the intersection of two sets of six numbers from
extreme points A and Mi, from F and M0

i or from a type-i extreme point and its
neighboring type-(i + 1) point for i = 1, 2 give the five limbs for generating the
bifurcation curve that connects the two corresponding extreme points, and the four
numbers from the intersection of two sets of six numbers from two opposite
extreme points (two extreme points that are not connected by a bifurcation curve)
for a patch determine the four limbs for generating the patch. Thus, the intersection

Fig. 1 Boundary surface of a Stewart-Gough manipulator. a Upper boundary. b Lower boindary.
c Cross section at / ¼ 0�
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numbers (1,2,3,4,6′) from M1 (1,2,3,4,5,6′) and N1 (1,2,3,4,5′,6′) give the five limbs
that generate the bifurcation curve between the two points, and numbers (1,3,4,5′6′)
from the intersection of N1 and P1 determine the five limbs that generate the
bifurcation curve from N1 to P1. The intersection numbers (1, 2, 4, 5) from M1 and
M2 (or A and N1) determine that limbs 1, 2, 4 and 5 at their upper limits generate
patch AM1N1M2. This work employs the above properties to predict the equations
for developing the boundary curve on a cross-section of the workspace. Once the
equations for a boundary surface are determined, the boundary curve on a
cross-section shown in Fig. 1c can be developed by solving four equations in five
variables [2].

3 6-DOF Delta Manipulators

Figure 2 shows a 6-DOF Delta manipulator with six RSS limbs. Coordinate frames
F0 � x0 � y0 � z0, F0 � x0 � y0 � z0 and Fi � xi � yi � zi denote the fixed reference
frame on the base, the moving frame on the platform and the fixed coordinate frame
for limb i respectively. The coordinates of points Ci and Bi related to F0 can be
determined by

ci
1

� �
¼ Ti

ici
1

� �
and

bi
1

� �
¼ T0 b0i

1

� �
ð1Þ

where ici¼ l1 cos h1 l1 sin h1 0½ �T represents the coordinates of point Ci with
respect to Fi, b0i denotes the coordinates of point Bi with respect to F0, T0 is the
homogeneous matrix that transforms coordinates from F0 to Fo, Ti is the constant
homogeneous matrix that transforms coordinates from Fi to Fo, hi denotes the ith

Fig. 2 A 6-DOF Delta
manipulator
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actuated joint displacement. The distance between points Bi and Ci equal to link
length l2 gives

ci � bið Þt ci � bið Þ ¼ l22 i ¼ 1; 2; 3; ::; 6 ð2Þ

Twelve constraint equations for the workspace boundary can be obtained by
substituting himax or himin into the equations.

The extreme points for many manipulators with different shapes are developed
and the results show that type-3 extreme points Pi and P0i are not coincident for
some manipulators. For the manipulator with R1 = 20, R2 = 7, d = 10, l1 ¼ 20,
l2 ¼ 80 and �30� � hi ��10� for i = 1, 2, …, 6, the extreme points and bifurcation
curves are shown in Fig. 3. With Pi ¼ P0i for i = 1, 2, …, 6, the number and the
relative positions of the extreme points are exactly the same as those shown in
Fig. 1a, b for a Stewart-Gough manipulator. Figure 4 shows the extreme points and
bifurcation curves of another manipulator with the same design parameters, except
that R1 = 25 and R2 = 15.

A closed boundary surface cannot be obtained after connecting type-2 and
type-3 extreme points on the upper and lower boundary surfaces. Checking the
intersection numbers from extreme points Pi, N0

i and N0
iþ1 shows that there is an

additional bifurcation curve from Pi to one of the two neighboring points N0
i and

N0
iþ1 for manipulators with Pi 6¼ P0i. Likewise, there is an extra bifurcation curve

from P0i to one of the two neighboring points Ni and Ni+1. All the bifurcation curves
can be developed by the following steps.

1. Solve different sets of six constraint equations to obtain Mi and M0
i and develop

the upper bifurcation curves from the (6, 0) extreme point A to Mi and the lower
bifurcation curves from the (0, 6) extreme point G to M0

i for i = 1, 2, …, 6.
2. Let k = 1. Repeat (i) let M7 = M1 and M0

7 = M0
1 if k = 6; (ii) use Mk and Mk+1 to

develop Nk and the bifurcation curves from Mk and Mk+1 to Nk; (iii) use M0
k and

Fig. 3 Boundary surface of a 6-DOF Delta manipulator. a Upper boundary. b Lower boundary
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M0
kþ1 to develop N0

k and the bifurcation curves from M0
k and M0

kþ1 to N0
k; and

(iv) let k = k + 1, until k = 7.
3. Let j = 1. Repeat (i) let N7 = N1 and N0

7¼N0
1 if j = 6; (ii) use Nk and Nk+1 to

develop Pk and the bifurcation curves from Nk and Nk+1 to Pk; (iii) use N0
k and

N0
kþ1 to develop P0k and the bifurcation curves from N0

k and N0
kþ1 to P0k; and

(iv) let j = j + 1, until j = 7.
4. Exit if Pi ¼ P0i for i = 1, 2, …, 6.
5. Let i = 1. Repeat (i) let N7 = N1 and N0

7¼N0
1 if i = 6; (ii) if the intersection of Pi

and N0
i gives five numbers, then use the five limbs related to the five numbers to

develop the bifurcation curve from Pi to N0
i; otherwise, use the five limbs related

to the five numbers from the intersection of Pi and N0
iþ1 to develop the bifur-

cation curve from Pi to N0
iþ1; (iii) if the intersection of P0i and Ni gives five

numbers, then use the five limbs related to the five numbers to develop the
bifurcation curve from P0i to Ni; otherwise, use the five limbs related to the five
numbers from the intersection of P0i and Ni+1 to develop the bifurcation curve
from P0i to Ni+1; and (iv) let i = i + 1, until i = 7. Exit.

It is much easier to develop the workspace of a manipulator with Pi ¼ P0i using
the method for Stewart-Gough manipulators, so this work focuses on the devel-
opment of the workspace for a manipulator with Pi 6¼ P0i. The workspace boundary
has one property that is the same as that of a Stewart-Gough manipulator: the
extreme points, Ni and N’i, are on the same cross-section and the boundary surface
is symmetrical about the vertical planes through N1N4, N2N5 and N3N6. Thus, the
boundary can be represented by the cross-sections between two neighboring type-2
extreme points. The sets of equations for boundary segments change if the
cross-section passes an extreme point. If the cross-sections are developed from N1

to N2 in Fig. 4, then the equations change at M0
2, P1, P

0
1, and M2.

Fig. 4 Boundary surface with Pi 6¼ P0
i. a Upper boundary. b Lower boundary
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The cross-sections in the two very narrow regions from N1 to M0
2 and from M2 to

N2 can be neglected. A section between M0
2 and P1 intersects patches AM1N1M2,

M2N1P1N2, N1P6 N0
1 P1, P

0
1 N

0
1P1N2, M0

2N
0
1 P

0
1N

0
2 and GM0

2N
0
2M

0
3, so the equations

for generating the six boundary segments in the clockwise direction can be deter-
mined by the four intersection numbers from six pairs of extreme points (M1,M2),
(N1, N2), (P6, P1), P1; P01

� �
, N0

1; N
0
2

� �
and M0

2; M
0
3

� �
, respectively.

A cross-section between P1 and P01 does not intersect patch N1P6 N0
1 P1, and the

segments on a boundary curve between P01, and M2 are generated by (M1,M2),
(N1, N2), P1; P01

� �
, P01; P

0
2

� �
, N0

1; N
0
2

� �
and M0

2; M
0
3

� �
. The boundary surfaces of

the two manipulators are shown in Figs. 5 and 6.
Compared with that shown in Fig. 5, the workspace with Pi 6¼ P0i has some extra

patches on the top of the boundary and away from the central line, as shown in
Fig. 6b. Those very narrow regions can cause serious problems in control or tra-
jectory planning. Thus, a practical design should have a workspace with Pi = P0i.

Fig. 5 Workspace with Pi ¼ P0
i. a Cross section at / ¼ 300�. b Isometric view

Fig. 6 Workspace with Pi 6¼ P0
i. a Cross section at /1 ¼ 305�. b Isometric view
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A lot of workspaces with different shapes are developed and the results show
that manipulators with a smaller ratio of R2=R1

have the workspace with Pi ¼ P0i,
where R2 and R1 (defined in Fig. 2) determine the size of the platform and the base,
respectively. In general, a workspace with Pi = P0i can be obtained if R2=R1

\ 0:5

4 Conclusions

Methods involving the characteristics of workspace boundaries are presented to
develop the reachable workspace for 6-DOF Delta manipulators. The study on
6-DOF Delta manipulators shows that the manipulators have two types of boundary
surfaces, one of which has a workspace of better shape and is easier to
develop. Manipulators for generating a specific type of workspace can be identified
by the size of the platform and the base. The methods are applicable to other types
of symmetrical manipulators.
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A Reconfiguration Strategy of a Parallel
Delta-Type Robot to Improve
the Kinematic Performance

A.L. Balmaceda-Santamaría and E. Castillo-Castaneda

Abstract In this work a reconfiguration strategy of a Delta-type robot to improve
its kinematic performance is presented. The strategy considers an extra actuator that
modifies locations and dimensions of the fixed platform. The direct kinematic
analysis of the reconfigurable manipulator is determined to obtain the robot
Jacobian, since this is used to analyse kinematic performance indices, such as
Minimum singular value, Manipulability index and Global conditioned index.

Keywords Parallel robot � Reconfiguration � Kinematics � Performance � Screw
theory

1 Introduction

A reconfiguration concept was presented in [1] as the change of the characteristics
of the robot in operation, distinguished in two types: static and dynamic. The main
approaches that have been proposed for reconfiguration of parallel mechanisms
such as the Gough-Stewart platform are modular and have a variable geometry
design [2–5]. Many reconfigurable parallel robots with variable geometry are
presented, among them is a double planar parallel reconfigurable robot [6], a
modular fully isotropic parallel manipulator [7], a reconfigurable parallel mecha-
nism for machine tools applications [8] and a family of reconfigurable parallel
mechanisms with different reconfigurable limbs [9].

Modular reconfigurable parallel mechanisms have been proposed too, e.g. [10]
and [11], in fact the most of the researches in the reconfigurable robotics is based on
the modularity, however, modular robots have a high level mechanical complexity
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in their structures. On the other hand, the reconfiguration of robots focused on
variable geometry, could be a low cost alternative when it comes to constructing
them. In this work the reconfiguration of the 3-DOF Delta-type robot Parallix
LKF-2040 based on the concept of variable geometry is reported. Such robot was
designed as a didactic version [12]. A new reconfiguration for this robot, in order to
improve kinematic performance indices of the robot Parallix is proposed.

2 Description of the Delta-Type Robot

The Parallix LKF-2040 robot shown in the Fig. 1, is a translational manipulator that
was developed at IPN—CICATA.

The robot Parallix comprises 3 stationary motors disposed on the robot base
through brackets. The motor axes are coupled to a kinematic chain at the bracket
level. This mechanism has a structure of the famous Delta robot, however the
mechanism of Fig. 1 is a robot 3-RUU.

2.1 Proposed Reconfiguration Strategy

Figure 2 shows the mechanical concept of reconfigurable robot Parallix proposed in
this work.

The reconfigurable robot is composed by a reconfigurable fixed platform with a
fixed element (6) and three mobile elements in form of framing square (7a, 7b, 7c).
These framing squares simultaneously modify the radius and height between the
axes of the motors (8a, 8b, 8c) and the center of the fixed element (6). In the center
of the fixed platform there is a screw (1) driven by a fourth actuator (8d). A nut

Moving 
base

Stationary 
motor

Fixed triangular 
base

Bracket

Fig. 1 Configuration of the
parallel manipulator Parallix
LKF-2040
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(4) coupled to the screw, slides along three guide bars (3a, 3b, 3c). The nut moves
the framing squares through coupling bars (5a, 5b, 5c). The set of components
screw (1), nut (4), motor (8d) and coupling bars (5a, 5b, 5c) establish a system used
here as example of a linear displacement mechanism. It should be noted that this
configuration is highly versatile, since the mechanism can be reconfigured also with
decoupled movements of framing squares from the rest of the mechanism and be
able to return to the original configuration and mechanical characteristics of the
robot Parallix LKF-2040.

3 Direct Kinematic Analysis of the Reconfigurable
Mechanism

In Fig. 3, the geometrical parameters of the reconfigurable manipulator Parallix are
shown.

The position analysis for the reconfiguration mechanism is performed based on
the method proposed in [13]. For this analysis, it is first necessary to calculate the
generalized coordinate a4 (see Fig. 3) as follows

1

2

3a3c
4

5a5c

5b

7c

7a

7b
6

8a

8b

8dFig. 2 Reconfiguration
strategy proposed (from
patenting document at the
IMPI-Mexico:
MX/a/2013/006781)
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Rf þ Rr cosða4Þ � d3
� �2þ d1 þ pu� Rr sinða4Þð Þ2¼ d22 ð1Þ

therein d1 is an offset between the point Di and the base plane of nut, d2 is the
distance between point Di and the point Ai, d3 is the perpendicular distance between
the screw axis and the point Di and p is the thread pitch of the screw. Then solving
and simplify the Eq. (1) we have

k1 sinða4Þ þ k2 cosða4Þ ¼ k3 ð2Þ

where k1 ¼ �2Rr d1 þ puð Þ; k2 ¼ 2Rr Rf � d3
� �

; k3 ¼ d22 � R2
f � Rr2 � d23þ

2Rf d3 � d21 � p2u2 � 2d1pu. Now, solving the Eq. (2) for a4 yields

sinða4Þ ¼ 2k1k3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4k21k

2
3 � 4ðk21 þ k22Þðk23 � k22Þ

p
2ðk21 þ k22Þ

ð3Þ

Thus, with the Eq. (3) can be calculated the generalized coordinate a4 generated by
the linear displacement system used as a technological option in this work.

Let XoYoZo be the fixed reference system in the center of the fixed platform of
the manipulator (see Fig. 3). The coordinates of the point Fi ¼ Fxi;Fyi;Fzið Þ, as
well as Ai ¼ Axi;Ayi;Azið Þ that depends on the rotation u of the motor, namely
a4i uð Þ ¼ a4 uð Þ since a4i is the same angle for all framing squares and Bi ¼
Bxi;Byi;Bzið Þ are calculated by projections as follows

Fig. 3 Geometrical
parameters of the mechanism
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Fi ¼ Rf cosðhiÞ 0 Rf sinðhiÞ
� �

Ai ¼ Rr cos a4ið Þ cosðhiÞ þ Fxi Rr sin a4ið Þ Rr cos a4ið Þ sinðhiÞ þ Fzi½ �
Bi ¼ La cos aið Þ cos hið Þ þ Axi Byi La cos aið Þ sin hið Þ þ Azi½ �

where hi is the orientation angle of each kinematic chain; R ¼ Rf þ Rr , where Rf is
the distance from the fixed reference system XoYoZo to each point Fi. And evi-
dently, Byi ¼ La sin aið Þ þ Ayi is equal for all kinematic chains of the mechanism.
Unless otherwise specified, i ¼ 1; 2; 3 in the rest of this document. Whereas the
moving platform is an equilateral triangle C1C2C3 of side r and center P. It is
established that C1 ¼ X; Y ; Zð Þ and hence the coordinates of C2 and C3 can be
computed according to

C2;3 ¼ X þ r cos h2;3
� �

; Y ; Z þ r sin h2;3
� �� � ð4Þ

where h2;3 is the orientation angle for the kinematic chain 2 and 3, respectively.
Also, in order to calculate the coordinates X; Y and Z we consider three closure
equations Ci � Bið Þ � Ci � Bið Þ ¼ Lb2 that generates

X2 þ Y2 þ Z2 þ Ki1X þ Ki2Y þ Ki3Z þ Ki4 ¼ 0 ð5Þ

therein Kij j ¼ 1; 2; 3; 4ð Þ are obtained according to the parameters and generalized
coordinates of the mechanism. Furthermore, the Eq. (5) can be expressed for X and
Y in terms of Z as follows

X ¼ W1Z þW2; Y ¼ W3Z þW4 ð6Þ

where the coefficients W1; . . .;W4 are calculated according to the coefficients Kij.
And finally, by substituting Eq. (6) in any of the Eq. (5) produces a second-order
equation with Z as unknown variable as follows

aZ2 þ bZ þ c ¼ 0 ð7Þ

therein a ¼ 1þW2
1 þW2

3 , b ¼ K11W1 þ 2W1W2 þ K13 þ 2W3W4 þ K12W3,
c ¼ K11W2þW2

4 þW2
2 þ K14 þ K12W4. From Eq. (7), two solutions Z1 and Z2 that

depend on the generalized coordinates can be obtained. Thus, X and Y coordinates
can be recursively computed with the Eqs. (7) and (6). Finally, the point P is
calculated with the Eq. (8) as below

P ¼ X þ r
3
ðcos h2ð Þ þ cos h3ð ÞÞ; Y ; Z þ r

3
ðsinðh2Þ þ sinðh3Þ

� �
ð8Þ

Velocity analysis determines the velocity state of the moving platform with respect
to the fixed platform [13], when the joint rates _a4 ¼ _q4 and _ai ¼ _qi are known. In
this work _q4 is the derivative from Eq. (3) and is used as an independent variable in
the velocity analysis.
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Let V ¼ 0; v½ �T be the velocity state of the moving platform observed from the
fixed platform, where v is the velocity vector of any point on the moving platform.
The velocity state V may be expressed in screw form through the limbs of the robot
as follows

_q4 0$1i þ _qi 1$2i þ2 x
i
3
2$3i þ3 x

i
4
3$4i þ4 x

i
5
4$5i þ5 x

i
6
5$6i ¼ V ð9Þ

where i denote the ith kinematic chain. In order to obtain an input-output velocity
equation of the reconfigurable manipulator, consider that a line in Plücker coor-
dinates, Li ¼ lxi lyi lzi Lxi Lyi Lzi½ �T , passes through the points Bi and Ci

(Fig. 3), reciprocal to all the screws in the same limb, excepting the screw asso-
ciated to the actuated revolute joint. Therefore, the systematic application of the
Klein form, which is denoted as �; �f g, of the line Li to both sides of Eq. (9) and
reducing terms, yields the input-output velocity equation as

v ¼ A�1 B
0
_q4 þ B_q

� �
ð10Þ

therein A ¼ lxi lyi lzi½ �T is the active Jacobian matrix of the manipulator, while
_q4 ¼ _q4 _q4 _q4½ � and _q ¼ _q1 _q2 _q3½ � are the first-order generalized coordinates
of the mechanism. B

0 ¼ diag 0$11; L1
	 


0$12; L2
	 


0$13; L3
	 
� �

and B ¼
diag 1$21; L1

	 

1$22; L2

	 

1$23; L3

	 
� �
are the passive Jacobians.

4 Performance Indices

In this section the Minimum Singular Value (MSV), Manipulability Index (MI) and
Global Condition Index (GCI) are considered as performance indices, in order to
show the advantages of the reconfigurable manipulator. A Cartesian trajectory of
the center P of the moving platform is generated by solving the forward dis-
placement analysis by considering a1;3ðtÞ ¼ 0:25 sinðtÞ and a2ðtÞ ¼ 0:25 cosðtÞ,
where t is 0� t� 2p, arbitrarily selected (see Fig. 4).

The MSV proposed in [14] is calculate as follow

MSV ¼ minðJTJÞ ð11Þ

therein the Jacobian matrix J of the manipulator is calculated from the Eq. (10) as

v ¼ A�1B
� �

_q ¼ J_q ð12Þ

since _q4 is zero, because the reconfiguration is considered in this paper as a par-
ticular case with alternating movements between the framing squares and the rest of
the mechanism. The Fig. 5a shows the performance of the manipulators in the
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trajectory of Fig. 4 calculated with Eq. (11). It is evident that the proposed re-
configurable mechanism obtained the best performance in that trajectory with
values nearest to zero.

The MI proposed in [15] measures the capability of a robot in any configuration
of generate velocities in the end-effector and the closeness to a singular configu-
ration. Similarly, using the Eq. (12) to compute the matrix J, the MI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðJJTÞ

p
and its inverse is defined as follows

IMI ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðJJTÞ

q
ð13Þ

To have a better appreciation of the MI, its inverse (IMI) is used, since it has a range
between 0� IMI�1. So that from the Eq. (13), if IMI ¼ 0 indicates a better
capability to generate movements in the end-effector, but when values of IMI
tending to infinity indicate that the manipulator is in a singular configuration.
Figure 5b shows the behavior of the IMI computed with Eq. (13) and it is evident
that the reconfigurable manipulator significantly improves the manipulability with
respect to the robot Parallix.

The GCI is proposed in [16], means the distribution of the Condition number
throughout the manipulator workspace. This index can be expressed as shown
below

GCI ¼
Xnw
i¼1

k�1
i =nw ð14Þ

therein nw is the number of points of the discretized workspace and the numerator is
the sum of the reciprocal of the Condition number obtained for each the points that
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Fig. 4 Trajectory of the moving platform
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comprise the entire manipulator workspace. From the Eq. (14), if the GCI ¼ 0 it is
say that the manipulator workspace is bad-conditioned, but if GCI ¼ 1 then the
manipulator have a well-conditioned workspace. The values obtained of the GCI
for robot Parallix is 0.1146 and for the proposed reconfigurable mechanism is
0.1734. It is worth to note that the reconfiguration is advantageous for the robot
Parallix. Therefore, by selecting a convenient value of a4i it is possible to
enhancement the kinematic performance of the original configuration, namely when
a4i ¼ 0	. In addition, as performance indices mentioned above are improved by the
reconfiguration, all other kinematic performance indices dependent on matrix J of
the manipulator are indirectly improved.

5 Conclusions

In this paper a new reconfiguration of a Delta-type robot is proposed to improve the
kinematic indices. The reconfiguration proposal is in patenting process at
IMPI-Mexico. The inverse displacement and velocity analyses are presented. The
calculation of performance indices for a trajectory defined is presented, to show that
performance indices are improved with respect to the Parallix original configura-
tion. The results evidence that by selecting a suitable configuration of the fixed
platform, it is possible to obtain a better kinematic performance for the Delta-type
manipulator. It is worth notice that any performance indices related with the
Jacobian matrix can be improved thanks to this new reconfiguration.
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Workspace and Singularity Analysis
of a Delta like Family Robot

R. Jha, D. Chablat, F. Rouillier and G. Moroz

Abstract Workspace and joint space analysis are essential steps in describing the
task and designing the control loop of the robot, respectively. This paper presents
the descriptive analysis of a family of delta-like parallel robots by using algebraic
tools to induce an estimation about the complexity in representing the singularities
in the workspace and the joint space. A Gröbner based elimination is used to
compute the singularities of the manipulator and a Cylindrical Algebraic
Decomposition algorithm is used to study the workspace and the joint space. From
these algebraic objects, we propose some certified three dimensional plotting
describing the the shape of workspace and of the joint space which will help the
engineers or researchers to decide the most suited configuration of the manipulator
they should use for a given task. Also, the different parameters associated with the
complexity of the serial and parallel singularities are tabulated, which further
enhance the selection of the different configuration of the manipulator by com-
paring the complexity of the singularity equations.

Keywords Delta-like robot � Cylindrical algebraic decomposition � Workspace �
Gröbner basis � Parallel robot
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1 Introduction

The workspace can be defined as the volume of space or the complete set of poses
which the end-effector of the manipulator can reach. Many researchers published
several works on the problem of computing these complete sets for robot kine-
matics. Based on the early studies [12, 21], several methods for workspace deter-
mination have been proposed, but many of them are applicable only for a particular
class of robots. The workspace of parallel robots mainly depends on the actuated
joint variables, the range of motion of the joints and the mechanical interferences
between the bodies of mechanism. There are different techniques based on geo-
metric [11, 15], discretization [3, 4, 9], and algebraic methods [5, 7, 17, 22] which
can be used to compute the workspace of parallel robot. The main advantage of the
geometric approach is that, it establish the nature of the boundary of the workspace
[19]. Also it allows to compute the surface and volume of the workspace while
being very efficient in terms of storage space, but when the rotational motion is
included, it becomes less efficient.

Interval analysis based methods can be used to compute the workspace but the
computation time depends on the complexity of the robot and the requested
accuracy [9]. Discretization methods are usually less complicated and can easily
take into account all kinematic constraints, but they require more space and com-
putation time for higher resolutions. The majority of numerical methods which is
used to determine the workspace of parallel manipulators includes the discretization
of the pose parameters for computing workspace boundaries [3]. There are other
approaches, which are based on optimization algorithms [20] for fully serial or
parallel manipulators, analytic methods for symmetrical spherical mechanisms [2].
In [1] a method for computing the workspace boundary for manipulators with a
general structure is proposed, which uses a branch-and-prune technique to isolate a
set of output singularities, and then classifies the points on such set according to
whether they correspond to motion impediments in the workspace. A cylindrical
algebraic decomposition (CAD) based method is illustrated in [5, 6], which is used
to model the workspace and joint space for the 3 RPS parallel robot.

This paper presents the results which are obtained by applying algebraic
methods for the workspace and joint space analysis of a family of delta-like robot
including complexity information for representing the singularities in the work-
space and the joint space. The CAD algorithm is used to study the workspace and
joint space, and a Gröbner based elimination process is used to compute the parallel
and serial singularities of the manipulator. The structure of the paper is as follows.
Section 2 describes the architecture of the manipulator, including kinematic
equation and joint constraints associated with the manipulators. Section 3 discusses
the computation of parallel as well as serial singularities and their projections in
workspace and joint-space. Section 4 presents a comparative study on the shape of
the workspace of different delta-like robots. Section 5 finally concludes the paper.
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2 Manipulators Architecture

The manipulator architecture under the study is a three degree of freedom parallel
mechanism which consists of three identical legs, the different arrangements of
these legs give rise to family of delta like robot. Several types of delta-like robot
were studied, few of them are Orthoglide [9, 18], Hybridglide, Triaglide [13] and
UraneSX [9]. The position vectors of end points of ith leg are P j and B j

i , also A j
i

and B j
i are the position vectors of end points of ith actuator where j represents the

manipulator type from the family of delta like robot (j = 1—Orthoglide, 2—
Hybridglide, 3—Triaglide, 4—UraneSX). q j

i represents the prismatic joint variables
whereas P j represents the position vector of the tool center point which is shown in
Eq. (1).

jjA j
iB

j
i jj ¼ q j

i P ¼ ½xyz�T with i ¼ 1; 2; 3 and j ¼ 1; 2; 3; 4 ð1Þ

The kinematic equations of the family of delta like robot can be generalized as
jjP� B j

i jj ¼ L j
i . All the computations and analysis are done for L j

i ¼ L and by
imposing the following constraints on joint variables. Without joint limits, all the
robots admit two assembly modes and eight working modes.

0\q1\2L 0\q2\2L 0\q3\2L ð2Þ

The Orthoglide mechanism is driven by three actuated orthogonal prismatic joints.
A simpler virtual model can be defined for the Orthoglide, which consists of three
bar links connected by the revolute joints to the tool center point on one side and to
the corresponding prismatic joint at another side. Several assembly modes of these
robots depends upon the solutions of direct kinematic problem is shown in Fig. 1a.
The point Pi represents the pose of corresponding robot. However more than one
value of i for the point Pi shows the multiple solutions for the DKP. The constraint
equations for the Orthoglide are

ðx� q1Þ2 þ y2 þ z2 ¼ L2; x2 þ ðy� q2Þ2 þ z2 ¼ L2; x2 þ y2 þ ðz� q3Þ2 ¼ L2

The Hybridglide mechanism consists of three actuated prismatic joints, in which
two actuators are placed parallel and third one perpendicular to others two. Also the
three bar links connected by spherical joints to the tool center point on one side and
to the corresponding prismatic joint at another side. Several assembly modes of
these robots depends upon the solutions of direct kinematic problem is shown in
Fig. 1b and following is the constraint equations:

ðx� 1Þ2 þ ðy� q1Þ2 þ z2 ¼ L2; ðxþ 1Þ2 þ ðy� q2Þ2 þ z2

¼ L2; x2 þ y2 þ ðz� q3Þ2 ¼ L2
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The Triaglide manipulator is driven by three actuated prismatic joints, in which all
the three actuators parallel to each other and placed in the same plane. The archi-
tecture of the Triaglide is shown in Fig. 1c and the constraint equations are
defined as:

ðx� 1Þ2 þ ðy� q1Þ2 þ z2 ¼ L2; ðxþ 1Þ2 þ ðy� q2Þ2 þ z2

¼ L2; x2 þ ðy� q3Þ2 þ z2 ¼ L2

The UraneSX is similar to triaglide, but instead of three actuators in the same plane,
it is placed in different planes. The architecture of the Triaglide is shown in Fig. 1d
and the constraint equations are as follows:
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Fig. 1 Configuration plot for Orthoglide (a), Hybridglide (b), Triaglide (c) and UraneSX (d) robot
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ðx� 1Þ2 þ y2 þ ðz� q1Þ2 ¼ L2; ðxþ 1=2Þ2 þ ðy�
ffiffiffi
3

p
=2Þ2 þ ðz� q2Þ2 ¼ L2;

ðxþ 1=2Þ2 þ ðyþ
ffiffiffi
3

p
=2Þ2 þ ðz� q3Þ2 ¼ L2

3 Singularity Analysis

Singularities of a robotic manipulator are important feature that essentially influence
its capabilities. Mathematically, a singular configuration may be defined a rank
deficiency of the Jacobian describing the differential mapping from the joint space
to the workspace and vice versa. Differentiating the constraint equations of the
robot with respect to time leads to the velocity model: Atþ B _q ¼ 0 where A and B
are the parallel and serial Jacobian matrices, respectively, t is the velocity of P and
_q defines the joint velocities. The parallel singularities occur whenever detðAÞ ¼ 0
and the serial singularities occur whenever detðBÞ ¼ 0 [8].

detðAÞo ¼ �8q1q2q3 þ 8q1q2zþ 8q1q3yþ 8q2q3x

detðAÞh ¼ �8q1q3xþ 8q2q3x� 8q1q3 þ 8q1z� 8q2q3 þ 8q2zþ 16q3y

detðAÞt ¼ 8q1zþ 8q2z� 16q3z

detðAÞu ¼ 4
ffiffiffi
3

p
ð3z� q1 � q2 � q3 þ q3xþ q2x� 2q1xÞ þ 12q3y� 12q2y

ð3Þ

Parallel and serial singularities as well as their projections in workspace and joint
space are computed using a Gröbner based elimination method. This usual way for
eliminating variables (see [10]) computes (the algebraic closure of) the projection of
the parallel singularities in the workspace. In the same way, one can compute (the
algebraic closure of) the projection of the parallel singularities in the joint space.
Both are then defined as the zero set of some system of algebraic equations and we
assume that the considered robots are generic enough so that both are hypersur-
faces. detðAÞo, detðAÞh, detðAÞt and detðAÞu are the parallel singularities of
Orthoglide, Hybridglide, Triaglide and UraneSX, respectively. Starting from the
constraint equations and the determinant of the Jacobian matrix, we are able to
eliminate the joint values. This elimination strategy is more efficient than a cas-
cading elimination by means of resultants which might introduce many more
spurious solutions: singular points that are not projections of singular points. Due to
the lack of space, other equations associated with serial singularities are not pre-
sented in this paper. Figure 2 represents the projections of parallel singularities in
projection space ðx; y; zÞ. These surfaces represent the singularity associated with
the eight working modes.

In Table 1, a comparative study of five parameters among the family of delta like
robot is presented. We have tabulated the main characteristics of the polynomials
(In three variables) used for the plots (Implicit surface): their total degree, their
number of terms and the maximum bitsize of their coefficients. We have also
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reported the time (In seconds) for plotting the implicit surface which they define
and the number of cells computed by the CAD, as well as the number of cells in the
final result after gluing those that are adjacent and belongs to the same connected
component. Several functions are used which involves the discriminant variety,
Gröbner bases and CAD computations, computed in Maple 18 with a Intel(R) Core
(TM) i7-3770 CPU @ 3.40 GHz (14 Gb RAM). As can be seen from Table 1, there
exists higher values of all the parameters for the Hybridglide, among all manipu-
lators listed, which infers that it has more complex singularities, whereas for the
Triaglide all the values are least which intuits the less complicated singularities. For
example, the computation times for the Hybridglyde for parallel singularities is high
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Fig. 2 Projection of parallel singularities of Orthoglide (a), Hybridglide (b), Triaglide (c) and
UraneSX (d) in workspace. All the computations are done with joint limits
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compared to the one for the Othoglide, even if the surface has similar character-
istics. This is due to the geometry of the surface which is more difficult to
decompose in the case of the Hybridglide: the Cylindrical Algebraic Decomposition
is described by 1208 cylindrical cells in the case of Hybridglide while it is described
by 272 cells for the Orthoglide.

4 Workspace Analysis

The workspace analysis allows to characterize of the workspace regions where the
number of real solutions for the inverse kinematics is constant. A CAD algorithm is
used to compute the workspace of the robot in the projection space ðx; y; zÞ with
some joint constraints taken in account. The three main steps involved in the
analysis are [6, 14, 16]

• Computation of a subset of the joint space (resp. workspace) where the number
of solutions changes: the Discriminant Variety.

• Description of the complementary of the discriminant variety in connected cells:
the Generic Cylindrical Algebraic Decomposition (CAD).

• Connecting the cells belonging to the same connected component in the
counterpart of the discriminant variety: interval comparisons.

The different shapes of workspace for the delta-like robots is shown in Fig. 3, where
blue, red, yellow and green regions correspond to the one, two, four and eight
number of solutions for the IKP. A comparative study is done on the workspace of
the family of delta-like manipulator and the results are shown in Fig. 3. All the
workspace are plotted in the rectangular box, where x 2 ½�2; 2�, y 2 ½�2; 6� and

Table 1 Comparison of the different parameters associated with the singularities for the robots

Manipulators Types of
Singularities

Plotting
time (s)

Degrees No. of terms Binary
Size

No. of cells

Orthoglide Parallel 0037.827 18[10, 10, 10] 097 015 [02382,0272]

Serial 0005.133 18[12, 12, 12] 062 012 [00044,0004]

Hybridglide Parallel 5698.601 20[16,08,12] 119 017 [28012,1208]

Serial 0007.007 18[12, 12, 12] 281 017 [00158,0027]

Triaglide Parallel 0010.625 03[00,00,03] 002 002 [00138,0004]

Serial 0005.079 06[06,06,06] 042 007 [00077,0017]

UraneSX Parallel 0022.625 06[06,04,00] 015 040 [02795,0070]

Serial 0018.391 12[12, 12, 12] 252 151 [00392,0142]
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z 2 ½�2; 6�, so that the shapes of these workspace can be compared. From the Fig. 3
it can be intuited that the Triaglide will be good selection, if the task space is more
in horizontal plane, whereas the Orthoglide is good for the three dimensional task
space.
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5 Conclusions

A comparative study on the workspace of different delta-like robots gives the idea
about shape of the workspace, which further plays an important role in the selection
of the manipulator for the specific task or for the trajectory planning. The main
characteristics associated with the singularities are tabulated in Table 1, which also
gives some information about the complexity of the singularities, which is an
essential factor for the singularity-free path plannings. From these data, it can be
observed that the singularities associated with the Hybridglide are complicated,
whereas the structure of those associated with the Triaglide is rather simple.
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Optimal Trajectory Planning of 3RRR
Parallel Robot Using Ant Colony
Algorithm

O. Hamdoun, L. El Bakkali and F.Z. Baghli

Abstract By taking 3RRR planar parallel robot the object of this study, this work
presents an optimal trajectory planning of 3RRR parallel robot. Indeed, Parallel
robot is fundamentally a closed-loop kinematic chain mechanism in which the
end-effector is connected to the base by several independent kinematic chains. Due
to the potential advantages of parallel robots such as high rigidity, high accuracy
and great carrying payload capability, they have fascinated significant attention and
interest amongst the researchers in the past decade. After describing the mechanism,
a kinematic analysis is reported. Based on the geometry of the manipulator, a
workspace analysis is performed and an optimal trajectory is defined using ant
colony algorithm in order to avoid singular configurations and optimize the kine-
tostatic performances of the manipulator.

Keywords Inverse kinematic � Parallel robot � Workspace � Planning of trajec-
tory � Ant colony algorithm

1 Introduction

In recent years, parallel robots have received a big attention for different researches
and applications. Parallel manipulators are closed-loop mechanisms in which the
separate serial chains (links and joints) are connected to both the fixed base and the
moving platform.

This new type of robots can achieve certain tasks that serial robots are not able to
perform. Even though serial robots have advantages like simple dynamic and
kinematic models, large workspace, but parallel robots have advantages more
potential than serial robots as better stiffness, high speed, higher kinematical pre-
cision, large load carrying capacity and the most important is the possibility of
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fixing actuators on the base, which can be used for fast and precise operations.
Parallel robots have also some drawbacks, the major of them are a limited work-
space that can be seen as the intersection of the individual workspace of each serial
arm and also the complicated singularities [1].

The planar parallel manipulator translate along the x and y-axes, and rotate around
the z-axis, they are useful for manipulating an object on a plane. Gosselin and Clement
presented a kinematical study of a planar parallel robot, where a moving platform is
connected to a fixed base by three links, each leg consisting of two binary links and
three parallel revolute joints [2]. Sefrioui and Gosselin [3] give an interesting
numerical solution in the inverse and direct kinematics of this kind of planar robot. In
opposite to serial robots, parallel robots can accept not just multiple inverse kinematic
solutions, although multiple direct kinematic solutions. This property generates more
complex kinematic models but allow more flexibility in trajectory planning.

Thus, in this work we can formulated our problem as follow: determine the
inverse kinematic problem, given specific points inside the boundary of a desired
workspace, establish a workspace analysis of 3RRR planar parallel robot and finally
use ant colony algorithm in order to obtain an optimal trajectory planning.

2 Description of 3RRR Parallel Robot

This work presents a geometric description of 3RRR parallel robots which composed
by a mobile platform (MP) and three RRR serial chains that join it to a fixed base
(Fig. 1). Each RRR chain is a serial chain composed by three rotational R joints.
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Fig. 1 Geometric description of 3RRR parallel robot
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Allow P(x, y) be the end-effect or position in the plane and u its orientation. Let O
be the origin of the fixed reference frame and let Ai;Bi and Ci with i ¼ 1; 2; 3 define
the rotational articulations of each leg. Ai Points are actuated, so that the actuators
are fixed to the base. lAi is the length of Link A and lBi is the length of Link B.

3 Inverse Kinematic Model of 3RRR Parallel Robot

The inverse kinematic problem consists of determining h1; h2 and h3 for specified
values of x; y and /. Thus, the loop closure equation for the 3-RRR parallel robot is
as follows:

OP ¼ OAi þ AiBi þ BiMi þMiP ð1Þ

Writing the equations in component form:

Px ¼ lAi cosðhiÞ þ lBi cosðwiÞ þ ldi cosðri þ uÞ þ xAi
Py ¼ lAi sinðhiÞ þ lBi sinðwiÞ þ ldi sinðri þ uÞ þ yAi

ð2Þ

where:
ri: is the angle between the lines from the point P to the joint at Mi. It is

considered from the line between M1 and M2 on the moving platform.

To compute the inverse kinematics, we can rewrite the equation as follows:

Ki sin hþ Fi cos h ¼ Ei ð3Þ

where:

Ei ¼P2
x þ P2

y þ l2Ai þ l2Bi þ l2di þ x2Ai þ y2Ai � 2Pxldi cosðri þ uÞ � 2PxxAi

þ 2ldixAi cosðri þ uÞ � 2Pyldi sinðri þ uÞ � 2PyyAi þ 2ldiyAi sinðri þ uÞ

Fi ¼ �2lAi þ 2lAildi cosðri þ uÞ þ 2lAixAi
Ki ¼ � �2PylAi þ 2lAildi sinðri þ uÞ þ 2lAiyAi

� �

The inverse kinematics solution for Eq. (3) is:

hi ¼ A tan 2ðKi;FiÞ � A tan 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK2

i þ F2
i � E2

i Þ;Ei

q� �
ð4Þ

where: i ¼ 1; 2; 3.
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4 Numerical Implementation

The equation obtained can simply be solved for any number of legs by simply
changing the subscript in equations. For the particular robot there are two possible
solutions given by the solutions to equations. When the roots are imaginary (i.e.
there is no real solution) in some given poses, it means that the position/orientation
of that configuration is outside the reachable workspace (Fig. 2).

5 Workspace Analysis

The mobility region can be established by every leg of this manipulator, it being
encircled by the singularity curve which is the closed curve separating the region
where the leg has mobility from that in which it does not. However the solution of
the inverse kinematic problem is unique since the two branches meet, at the points
of the workspace located on this closed curve [4].

The workspace of the 3RRR Parallel Robot is obtained by the intersection of the
three mobility regions of the three legs, which is described in the x-y plane.

Thus, the singularity curve (the limit of the workspace) for each leg can be
obtained as follow:

l2Ai
� l2Bi

þ x22i þ y22i
2lA1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x22i þ y22i

p ¼ �1 ð5Þ

The workspace is obtained by the intersection of the three previous mobility
regions, which are described in the x-y plane by the following equations:

x� xið Þ2þ y� yið Þ2¼ lAi � lBið Þ2; i ¼ 1; 2; 3 ð6Þ
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Fig. 2 A configuration of
3RRR parallel robot
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where:

x1 ¼ ld1 cosðuþ p=6Þ
y1 ¼ ld1 sinðuþ p=6Þ
x2 ¼ 1� ld2 cosðu� p=6Þ
y2 ¼ �ld2 sinðu� p=6Þ
x3 ¼ 1

2
þ ld3 sinðuÞ

y3 ¼
ffiffiffi
3

p

2
� ld3 cos uð Þ

Each of the annular regions is bounded by two concentric circles whose centers
have coordinates xi; yið Þ for i ¼ 1; 2; 3 (Fig. 3).

To obtain the concentric circles, we choose alternatively the plus and minus sign
in equations (Fig. 3).

lAi þ lBið Þ and lAi � lB2j j ð7Þ

This Fig. 4 presented the workspace of 3RRR parallel robot for lAi ¼
0:355; lBi ¼ 0:15 and ldi ¼ 0:125 when u ¼ 0�.

The location of the three regions of mobility depends on the orientation angle u.
If the angle orientation is incremented, the centers of the regions will move around
the circles of radii ldi. For u ¼ p, the area of the workspace will be a minimum and
the distance between the regions whose intersection defines the workspace of the
robot will be a maximum as shown in Fig. 5.

In this figure as shown the workspace is vanished.
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Thus, to get a non-vanishing workspace the manipulator must verify these
conditions:

3ðlAi þ lBiÞ2 �ð
ffiffiffi
3

p
ldi þ 1Þ2

and

3ðlAi � lBiÞ2 �ð
ffiffiffi
3

p
ldi � 1Þ2

ð8Þ
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6 Optimal Planning Trajectory Using Ant Colony
Algorithm

6.1 Ant Colony Algorithm Description

In the ant colony optimization (ACO), a colony of artificial ants cooperates in
searching good solutions to difficult optimization problems. Cooperation is a key
design component of ACO algorithms [5].

Every ant make a complete tour by choosing the cities according to a proba-
bilistic state rule. Mathematically, the probability with which ant k in city r chooses
to move to the city s is:

Pkðr; sÞ ¼
Pr

i¼1
cr�i � s i;sð Þ½ �ð Þa � g r;sð Þ½ �bP

v2Jk ðrÞ
Pr

i¼1
cr�i � s i;vð Þ½ �ð Þa � g r;vð Þ½ �bð Þ if s 2 Jk rð Þ

0 Otherwise

8<
: ð9Þ

where s is the pheromone, g is the visibility which is the inverse of the distance
d r; sð Þ; JK rð Þ is the situate of cities that remain to be visited by ant r positioned on
city r, a and b are two coefficients which build the pheromone information or the
visibility information with respect to one another and the parameter c[ 0 estab-
lishes the relative influence of pheromone values corresponding to earlier decisions,
earlier places in the permutation.

The good solutions found so far and in the present generation are used to revise
the pheromone information. However, before that, some portion of pheromone is
evaporated according to:

srs ¼ 1� qð Þsrs ð10Þ

where k is the evaporation rate with 0� q\1 and 1� qð Þ is the trail persistence.
Let srs tð Þ be the intensity of trail on edge r; sð Þ at time t. Each ant at time t chooses
the next city, where it will be at time t + 1. Therefore, after each cycle, after each ant
has determined a tour, the pheromone trail is updated using the founded solutions
according to the following formula:

srs t þ nð Þ ¼ q � srs tð Þ þ
Xm
k¼1

Ds kð Þ
rs ð11Þ

where Ds kð Þ
rs is the contribution of the ant k to the pheromone trial between cities r

and s.

Optimal Trajectory Planning of 3RRR … 137



6.2 Formulated Problem and Results

The problem is finding the shortest path predefined start and final position:
The distance between the two points can be simply calculated in 2D environment

as follow:

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xi�1ð Þ2þ yi � yi�1ð Þ2

q
i = 1,2. . .n ð12Þ

where n is the number of points on the path, the total length of the path is simply the
sum of distances:

L ¼
Xn�1

i¼1

di ð13Þ

This Fig. 6 presented the convergence curve of the objective function based on the
number of iterations.
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7 Conclusion

In this work we present an approach for determining the inverse kinematics applied
on 3-RRR planar parallel, Which have important potential for different applications.
Thus the analysis of the workspace of the robot lead us to a great performance and a
higher precision in the positioning of the platform and also to an optimal trajectory
planning using ant colony algorithm.
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Force Control Implementation of a Haptic
Device for a Medical Use

H. Saafi, M.A. Laribi and S. Zeghloul

Abstract This paper discusses the implementation of the force control of a haptic
device. This device is used as a master device for a teleoperation system for
minimally invasive surgery. The haptic device applies forces in the user’s hand
using actuators placed in the active joints. The master device has a spherical parallel
architecture. The actuated joint torques are calculated using the jacobian matrix of
the master device. Experiments are carried out in order to show the feasibility of the
control force feedback. A force sensor was placed on the moving platform to
measure the applied force and then to compare with the desired force. The results of
the comparison are satisfactory for the desired application.

Keywords Force control � Haptic device � Spherical parallel architecture

1 Introduction

Nowadays, parallel manipulators are widely popular. Thanks to their high load
capacity, their stiffness, their low weight and their precision, parallel manipulators
are used in many fields such as medicine, where many master devices have been
developed with parallel architecture [1, 2]. In previous work [3], new master device
was developed to control a surgical robot. This device has a spherical parallel
architecture. The master architecture was chosen to have a mechanism able to
provide three pure rotations around a fixed point. The geometric parameters of this

H. Saafi (&)
Department GMSC, Pprime Institute CNRS - University of Poitiers - ENSMA,
UPR 3346 Poitiers, France
e-mail: houssem.saafi@univ-poitiers.fr

M.A. Laribi � S. Zeghloul
Institut PPRIME, UPR 3346, University of Poitiers, Poitiers, France
e-mail: med.amine.laribi@univ-poitiers.fr

S. Zeghloul
e-mail: said.zeghloul@univ-poitiers.fr

© Springer International Publishing Switzerland 2016
S. Zeghloul et al. (eds.), Robotics and Mechatronics,
Mechanisms and Machine Science 37, DOI 10.1007/978-3-319-22368-1_14

143



structure were optimized to meet a prescribed workspace. The Forward Kinematic
Model (FKM) was solved in [4]. In this paper, the force control implementation is
presented. The Jacobian matrix of the haptic device is used to calculate the actuated
joint torques needed to apply force in the users hand. Experimental tests were made
to validate the developed method. A force sensor is placed on the moving platform
to measure the applied force and to compared with the desired torque. The results of
these experiments are discussed in this paper.

2 Master Device for a Medical Tele-Operation System

The developed master device is shown in Fig. 1. This device controls the motion of
a surgical robot and reproduce the haptic feed-back to the user. The target appli-
cation is Minimally Invasive Surgery (MIS). In MIS, the instruments enter to the
patient body throw tiny incisions. This limits the motion of the instrument to three
rotations around the incision and one translation along the instrument axis. For this
reason, the spherical parallel architecture was chosen for the master device since it
is able to produce the similar motions. The translation motion is not taken into
account in this paper because it is uncoupled in the model of the SPM.

The classical SPM has three identical legs, each leg is made of two links and
three revolute joints (Fig. 2a). All axes of the revolute joints are intersecting in one
common point, called CoR (Center of Rotation). Each link is characterized by the

Fig. 1 Master device of a
tele-operation system
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angle between its two revolute joints, as shown in Fig. 2b. This angle is constant
and it represents the dimension of the link. The actuated joint axes are located along
an orthogonal frame. The orientation of the SPM is described by the ZXZ Euler
angles (w, h and u). The Jacobian matrix of the SPM can be written as follows:

J ¼ A�1 � B ð1Þ

where,

A ¼ ½Z2A � Z3A Z2B � Z3B Z2C � Z3C�T ð2Þ

B ¼ diagðZ1A � Z2A � Z3A; Z1B � Z2B � Z3B; Z1C � Z2C � Z3CÞ ð3Þ

Z1K ¼ R0K � Z
Z2K ¼ R0K � RZðh1KÞ � RXðaÞ � Z for K ¼ A;Band C
Z3K ¼ RZXZ � RZð2p3 Þ � RXðcÞ � Z

8<
: ð4Þ

R0A ¼
1 0 0
0 1 0
0 0 1

2
4

3
5 R0B ¼

0 1 0
0 0 1
1 0 0

2
4

3
5 R0C ¼

0 0 1
1 0 0
0 1 0

2
4

3
5 ð5Þ

RZXZ ¼ RZðwÞ � RXðhÞ � RZðuÞ ð6Þ

3 Force Control Architecture

The force control architecture is presented in Fig. 3. First, the force applied on
the surgical robot is measured using a force sensor. Then, a function determine
the actuated torques needed to reproduce the effort to the user. This function
solve the Jacobian matrix and calculated the actuated torques using the fol-
lowing equation:

CoR

B

(a) (b)

Fig. 2 a Classic spherical parallel manipulator. b Kinematic of leg A
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s ¼ JT � T ð7Þ

where s is the actuated joint torques and T is the reference torques vector.
The jacobian matrix is expressed in the Sect. 2. It depend on the active joint

angles and the orientation of the haptic device. The orientation of the master device
is calculated using the Forward Kinematic Model (FKM). The FKM and the
actuated torques calculation function are implemented in B&R PLC. These models
run with period of 1 ms. The actuated joint reference torques are then transferred
using an analog signal to lControllerCard that control the actuator torques. The
torque control scheme is shown in Fig. 4. A PI controller regulates the torque of the
actuators. The actuator joint torques are varied using PWM signal and measured
using a current sensor.

Haptic Device

B&R PLC

µController Card

6 components sensor

Analog Inputs

Software

Absolute 
sensors

DC
Motors

Current
Sensors

Surgical Robot

Analog OutputsAnalog Inputs

Torques
Calculation

Master
FKM

Fig. 3 Material and software
architecture of the force
control
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In the next section, we present the FKM of the haptic device than we present an
experimental test of the force control.

4 Forward Kinematic Model

The FKM calculates the orientation of the end-effector, w, h and u, for a given
position of the active joints (h1A, h1B, h1C). The FKM can be solved using different
methods [5–7]. The FKM of the SPM studied by Gosselin et al. Bai et al. [7]
proposed a robust procedure to determine the orientation of the end-effector using
the input/output equations of spherical four-bar linkages. This approach is used in
this paper.

The two considered spherical four-bar mechanisms are described by the fol-
lowing two chains: A2–A3–B3–B2 and A3–A2–C2–C3 (Fig. 5). The corre-
sponding input/output equations can be written as follows:

• For the chain A2–A3–B3–B2 the equation is:

L1ðnÞ cosðrÞ þM1ðnÞ sinðrÞ þ N1ðnÞ ¼ 0 ð8Þ

Fig. 4 Actuator torque control loop

Fig. 5 Developed haptic
device
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• For the chain A3–A2–C2–C3 the equation is:

L2ðnÞ cosðrÞ þM2ðnÞ sinðrÞ þ N2ðnÞ ¼ 0 ð9Þ

where, n and r are two angles defined in Fig. 5 and LiðnÞ,MiðnÞ, NiðnÞ (i = 1, 2) are
coefficients that depend on cosðnÞ and sinðnÞ.

cosðrÞ and sinðrÞ are obtained using Eqs. (8) and (9) as follows:

cosðrÞ ¼ M1ðnÞN2ðnÞ�M2ðnÞN1ðnÞ
L1ðnÞM2ðnÞ�L2ðnÞM1ðnÞ ðaÞ

sinðrÞ ¼ L1ðnÞN2ðnÞ�L2ðnÞN1ðnÞ
L1ðnÞM2ðnÞ�L2ðnÞM1ðnÞ ðbÞ

(
ð10Þ

First, the possible solution of n can be found by solving the equation generated
by writing (10 − a)2 + (10 − b)2 which has only n as unknown. This equation is as
follows:

N2
2L

2
1 þ 2L1M2L1M1 � 2L2N2L1N1

þ N2
2M

2
1 � L22M

2
1 � 2M2N2M1N1

�M2
2L

2
1 þ L12N

2
1 þM2

2N
2
1 ¼ 0

ð11Þ

Equation 11 is a four degree quadratic equation in cosðnÞ and sinðnÞ. This
equation is solved numerically and highly increases the calculation time of the
FKM. The obtained solution of n is then used to calculate r using the Eq. (10).

For given values of (h1A,h1B,h1C), we have at most eight solutions for n and r.
Each pair (ni, ri), for 1� i� 8, gives an orientation (w, h, u) of the end-effector
using the forward kinematic of leg A.

The FKM was improved in [4] by using an extra sensor. This sensor reduces the
complexity of the FKM.

5 Experimental Test

To validate the force control architecture presented in Fig. 3, experimental tests
were made. A force sensor is placed on the moving platform of the haptic device to
measure the applied torque (Fig. 6). The force sensor gives the force and moment
components Fx, Fy, Fz, Mx, My and Mz in sensor frame. Only three component are
used to measure the torque applied by the haptic device as follows:

Teff :ðxÞ ¼ r � Fx

Teff :ðyÞ ¼ r � Fy

Teff :ðzÞ ¼ Mz

8<
: ð12Þ
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TCart: ¼ RZXZ � Teff : ð13Þ

where, r is the distance between the force sensor and the SPM center of motion.
Two experiments were carried out. First, only a self-rotation torque was applied

by the haptic device. The desired and the measured torques are shown in Fig. 7.
Then, a torque around the Z-axis of the Cartesian space was applied. The com-
parison between the measured and the desired torques are shown in Fig. 8.
Figures 7 and 8 show satisfactory results of the force control.

Torque

O X

Z

Y

FX

FY

TZ

Actuated joints Passive joints

6 components
 sensor

(a) (b)

Fig. 6 a Illustration of the experimental setup. b Experimental setup
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6 Conclusions

The implementation of the force control of a haptic device was discussed in this
paper. This device is used as a master device for a tele-operation system for min-
imally invasive surgery. This device controls the motion of a surgical robot and
reproduces forces generated by the interaction between the surgical robot and the
patient’s body. The interaction forces are measured using a force sensor. The
actuated joint torques needed to apply the interaction force are calculated using the
jacobian matrix of the haptic device. Experiments are carried out and presented in
order to show the feasibility of the control force feedback. A force sensor was
placed on the moving platform to measure the applied force and then to compare
with the desired force. The results of the comparison are satisfactory for the desired
application.
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Integration of Automated Camera
Steering for Robotic Single-Site Surgery

Mohsen Zahiri, Carl A. Nelson, R. Gonzalo Garay-Romero
and Dmitry Oleynikov

Abstract Modern surgical approaches favor minimal invasiveness in order to
improve recovery time, cosmesis, and post-operative pain. One such technique for
abdominal procedures, called robotic laparoendoscopic single-site surgery
(R-LESS), uses a single incision to gain access to the abdominal cavity. In this
process, as in standard laparoscopic surgery, the surgeon’s visualization of the
surgical site depends on the performance of an assistant who maneuvers the camera.
Variation in skill of the camera assistant at following commands from the surgeon
contributes to the difficulty of the procedure. Moreover, giving camera instructions
is an additional task for the surgeon and is essentially a distraction from the main
task. To solve this problem and provide high-quality visualization to the surgeon,
we present a self-guided robotic camera control to replace the camera assistant. The
system automatically tracks the robotic tools and automatically manipulates the
camera to achieve the best field of view.

Keywords Surgical robotics � Laparoendoscopic single-site surgery � Robotic
camera assistant
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1 Introduction

As trends in surgical care are towards less and less invasiveness, the potential role
of robotics in surgery is growing in order to maintain high dexterity despite limited
access. This can lead to improved outcomes compared to standard manual
techniques. For example, laparoscopic single-site surgery (LESS) is a technique
which avoids surgical trauma by limiting access to a single incision [7]. Because
this complicates tool motion, insertable robotic tools have been developed to restore
surgical dexterity. One of the remaining challenges in robotic LESS (R-LESS) is
camera guidance, which plays an important role in surgical efficiency and effec-
tiveness. The objective is to build on the concepts of previous work in which
various robotic manipulators have been used to guide cameras during surgical
procedures [4–6].

A single-site robot for use in R-LESS procedures has recently been developed.
The robot is inserted into the insufflated abdominal cavity through the single port.
The two robot arms are straightened for insertion and unfolded once fully inserted
[3]. The long-term vision for this robotic system is for the surgical arms to be
integrated with a vision system, to provide enhanced surgical capabilities as well as
telestration, telementoring and telesurgery capabilities.

In this paper, we present a device for integrating an existing steerable laparo-
scope (Endoeye, Olympus) with the surgical robot. To release the surgeon from the
task of controlling the camera, an automated control system was developed based
on the surgeon’s input to the robot manipulation task. The camera smoothly tracks
the field of view which is needed during surgery without any command from the
surgeon. In the case of conflict between the automatic tracker and the surgeon’s
preferred camera view, the surgeon can switch to a manual control mode using
joystick input. The design, control approach, and capabilities of this device are
explained.

2 Methods

The Endoeye laparoscopic camera (Olympus) is designed as a handheld camera and
provides pan/tilt motion via a pair of levers on the handle. The principal objective
of the present design is to integrate motorized camera lever control in a form which
is easily attachable to the surgical robot. Measurements of the camera were used to
create a solid model of the handle shape, including the control levers (Fig. 1).
Cross-sections of this model were used as contact points to secure a housing (also
shown in Fig. 1) which conforms in shape to the handle, while providing mount
points for servomotors.

The levers and servomotor shafts are connected by customized servo arms,
which give the operator motorized control of the camera in two degrees of freedom.
The no-load angular velocities for the robot arms are 45 rpm. With a rated speed
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above 50 rpm for the motors driving the camera levers, and an internal amplification
of 4× in the camera steering mechanism, the resulting speed of 200 rpm can easily
track the robot arms.

A control system was implemented in C# using Visual Studio software, as
indicated diagrammatically in Fig. 2. A foot pedal input can be used to toggle
between automatic and manual tracking modes. Motor commands are passed from
the computer through an Arduino microprocessor via serial communication to the
motors, as shown in the physical layout diagram of Fig. 3. These camera control
motors are run open-loop based on set-points from the robot.

A user interface was created to implement both manual and automatic camera
control modes, with the ability to switch between modes using keyboard input (as a
surrogate for the foot switch which would be used in a surgical environment).
Figure 4 shows the user interface. The application can detect the Arduino micro-
controller’s serial port automatically and gives the user a button to open/close the
connection, as well as switch between control modes.

Camera Body 

Housing Levers

Motor

Fig. 1 CAD model of the housing

Fig. 2 The control system includes two methods of obtaining target positions, an inverse
kinematic transformation, and output to the motor controller
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2.1 Automatic Control Mode

In an automatic tracking mode, the software gets the position of the two robot arms
and computes their average, using this as the target camera position. The desired
position is sent to the C# code and the respective angular motions are mapped by
inverse kinematics. Figure 5 shows the Denavit-Hartenberg (D-H) [1, 2] coordinate
frames superimposed on the Endoeye camera. The target position (x0y0z0) in the
robot’s reference frame is transformed to the camera’s coordinate system (x1y1z1)
using a D-H model. The D-H parameters and transformation matrices are given in
Table 1 and Eq. (1).

Fig. 3 Electronics layout

Manual 
Mode 

Automatic 
Mode

Home 
Button

Fig. 4 User interface
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1
0T ¼

1 0 0 0
0 0 1 h
0 �1 0 0
0 0 0 1

2
664

3
775 ð1Þ

2
1T ¼

cos h1 � sin h1 0 0
sin h1 cos h1 0 0
0 0 1 �f
0 0 0 1

2
664

3
775

Fig. 5 Denavit-Hartenberg
(D-H) coordinate frames for
Endoeye camera kinematics

Table 1 D-H transformation
parameters for Endoeye
camera kinematics

ai−1 αi−1 di θi
0 −90° h 0

0 0 −f θ1
0 90° 0 θ2
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3
2T ¼

cos h2 � sin h2 0 0
0 0 �1 0

sin h2 cos h2 0 0
0 0 0 1

2
664

3
775

With the average robot end effector position expressed as {x, y, z} in the global
frame [0], multiplication of the transformation matrices and isolation of the vari-
ables of interest gives the inverse kinematic solution:

h2 ¼ sin�1 yþ f � h
L

� �

h1 ¼ � sin�1 zffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p
� � ð2Þ

where:

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðyþ f � hÞ2 þ z2

q
ð3Þ

2.2 Manual Control Mode

In the manual mode, the camera gets the commands from a joystick or other input
device. Typically the surgeon will use the same joystick or input device which is
used to drive the robot arms, and the function of the joystick can be switched from
robot to camera and vice versa by the surgeon via a foot switch.

3 Results

A prototype of the laparoscope housing was created using a 3D printing technique.
Servomotors were mounted in the housing and connected to the control levers on
the laparoscope (Fig. 6). An Arduino microcontroller was programmed to give
position commands to the servomotors and interface with the C# program running
on a PC.

The experimental validation was divided into two parts: camera control by itself,
and integration with the surgical robot. In the first part, the motion of the camera
was measured optically using grid paper. The ability of the camera to accurately
track the respective motion is shown in Fig. 7. Figure 8 shows the integration of the
camera housing with the robot in a benchtop test, which is the second phase of the
experimental validation. The camera housing and surgical robot are connected by a
small I-beam with a length of 12 inches. The camera followed the tip of the arms by
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Motor

Camera 
Body

Lever

Fig. 6 Prototype of the housing system with camera

I-beam

Robot 
Arms

Camera 
Tip

Fig. 8 Integration of Endoeye camera and surgical robot

Arduino

Fig. 7 Benchtop testing outcomes (0° and 30° commanded angles shown)
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automatic mode as expected. The desired position was “published” as an input to
the C# code and inverse kinematics calculations produced the desired angles of the
levers; these control commands were processed through to the motors by the
microcontroller.

In vivo experiments in a porcine model further demonstrated the capability of the
robot system by tracking tool-tip positions in automatic mode. The preliminary
results were satisfactory; however, some minor errors were noted. These errors
were associated with imperfect calibration of the initial “home” position of the
camera.

4 Conclusions

A motor housing was designed and fabricated to integrate a high-resolution artic-
ulating laparoscopic camera (Endoeye) with a bimanual surgical robot. A C#
control implementation provides both manual and automatic modes to address
visualization needs during surgical procedures. The results of benchtop and in vivo
testing demonstrate capability of the system to track the arms of the robot and
release the surgeon from the task of controlling the camera. Future work includes
further in vivo testing and refinement of the mechanical design as well as the
control algorithm, to further smooth and stabilize the camera motion.
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Kinematic Models of a New Spherical
Parallel Manipulator Used as a Master
Device

H. Saafi, M.A. Laribi, M. Arsicault and S. Zeghloul

Abstract The paper discusses the kinematic models of a new spherical parallel
manipulator (new SPM). The new SPM is obtained by replacing one leg of a classic
3-RRR SPM. It is used as a master device for a teleoperation system for Minimally
Invasive Surgery (MIS). This device controls a surgical robot (slave). The inverse
and forward models of the new SPM are studied. Those models are needed to
control the motions of the slave robot. A prototype of the new SPM is presented in
the end of the paper.

Keywords Spherical parallel architecture � Master device � Forward kinematic
model � Inverse kinematic model

1 Introduction

Nowadays, parallel manipulators are widely popular. Thanks to their high load
capacity, their stiffness, their low weight and their precision, parallel manipulators
are used in many fields such as medicine, where, many master devices have been
developed with parallel architecture [1, 2].

In previous works [3], new master device was developed to control a surgical
robot. This device has a spherical parallel architecture. The master architecture was
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chosen to have a mechanism able to provide three pure rotations around a fixed point.
The geometric parameters of this structure were optimized to meet a prescribed
workspace. However, the main problem of the optimized structure is the presence of
parallel singularity in the workspace. To cope with the presence of the singularity, in
[4], we proposed to change the architecture of one leg. Then, geometric parameters of
the new SPM were optimized in order to have a singular free workspace.

The Forward Kinematic Model (FKM) of the master device is needed to control
the surgical robot. The FKM calculates the orientation of the moving platform of
the SPM. In this paper, the FKM of the new SPM is presented. The calculation time
of the FKM is reduced using an extra sensor. This makes the FKM ready to work in
real time.

2 Kinematic of the New Master Device

The new master device is developed to control the motion of a new surgical robot
(Fig. 1). The two systems are a part of a tele-operation system for minimally
inva-sive surgery (MIS).

In MIS, the instruments enter to the patient body through tiny incisions. This
limits the motion of the instrument to three rotations around the incision and one
translation along the instrument axis. For this reason, the spherical parallel archi-
tecture was chosen for the master device since it is able to produce the similar
motions. The architecture of the new master device is shown in Fig. 2.

The new SPM has three legs. The legs B and C are made of two links and
three revolute joints (Fig. 3a). All axes of the revolute joints are intersecting in
one common point, called CoR (Center of Rotation). The leg A is made of two
links, two universal joints and a revolute joint (Fig. 3b). The legs B and C are

Fig. 1 Surgical robot for
minemally invasive surgery
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defined by the angles a and b and the two links of the leg A are characterized
by their length, L.

The actuated joint axes (h1A, h1B, and h1C) are located along an orthogonal
frame. The orientation of the SPM is described by the ZXZ Euler angles (w, h, and
u).

The translation motion is not taken into account in this paper because it is
uncoupled in the model of the SPM.

3 Inverse Kinematic Model (IKM)

The IKM calculates the active joint angles (h1A, h1B, and h1C) in a function of the
orientation (w, h, and u) of the SPM. Unlike serial robots, the IKM of parallel

Fig. 2 Master device of a tele-operation system

k

k

k

COR

(a) (b)

Fig. 3 a Kinematic of legs B and C. b Kinematic of leg A
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manipulator is simple. For a given orientation (w, h, and u) of the SPM, the angles
h1B and h1C are solved by writing the geometric relation as follows:

Z2k � Z3k ¼ cosðbÞ for k ¼ B and C ð1Þ

where,

Z2K ¼ R0K � RZðh1KÞ � RXðaÞ � Z ð2Þ

Z3K ¼ RZXZ � RZð2p3 Þ � RXðcÞ � Z ð3Þ

R0B ¼
0 1 0
0 0 1
1 0 0

2
4

3
5 R0C ¼

0 0 1
1 0 0
0 1 0

2
4

3
5 ð4Þ

RZXZ ¼ RZðwÞ � RXðhÞ � RZðuÞ ð5Þ

By substituting Z2K and Z3K , we get the following expressions:

A1 cosðh2BÞ þ B1 cosðh2BÞ þ C1 ¼ 0
A2 cosðh2CÞ þ B2 cosðh2CÞ þ C2 ¼ 0

�
ð6Þ

Ak , Bk and Ck (for k = 1 and 2) are variables that depend on the geometric
parameters and the orientation of the SPM. These variables define the workspace as
follows:

C2
1

A2
1þB2

1
� 1

C2
2

A2
2þB2

2
� 1

8<
: ð7Þ

Figure 4 shows a simplified representation of the leg A with the end effector.
Using the spherical trigonometric relations, the angle h1A is equal to:

h1A ¼ �sgðuÞa cosðcosðcÞ cosðh2AÞ cosðhÞ
sinðh2AÞ sinðhÞ Þ þ w ð8Þ

Z1A

Z5A

ZE

X1A

2A

1A

Fig. 4 Simplified representation of the leg A with the end effector
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where

h2A ¼ a cosðcosðcÞ cosðhÞ þ sinðuÞ sinðcÞ sinðhÞÞ ð9Þ

The solutions of the IKM are called working modes. The new SPM has 8
solutions. Only one configuration of the leg A is considered, so, the new SPM has
only four working modes presented in Fig. 5.

The working mode presented in Fig. 5a was selected for the master device
because it has the larger singular-free area [4]. The dexterity distribution of the new
SPM are presented in Fig. 6.

Fig. 5 Working modes of the new SPM
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Fig. 6 Dexterity distribution of the new SPM. a u ¼ �50�. b u ¼ 0�. c u ¼ 50�
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4 Forward Kinematic Model

The FKM calculates the orientation of the end-effector, w, h and u, for a given
position of the active joints (h1A, h1B, h1C). The FKM can be solved using different
methods [5–7]. The FKM is solved in this paper using the input/output equations of
spherical four-bar linkages.

For the new SPM, only one four-bar mechanism can be considered (Fig. 7). The
input/output equation is as follows:

L1ðnÞ cosðrÞ þM1ðnÞ sinðrÞ þ N1ðnÞ ¼ 0 ð10Þ

Another equation is needed to solve the system. This equation is obtained by
expressing Z5A in function of n and r by using the forward kinematic of leg B as
follows:

Z5A ¼ R0BRZðh1BÞRXðaÞRZðnþ n0ÞRXðbÞRZðr� lÞ
RXðcÞRZð2p3 ÞRXð�cÞZ1A ð11Þ

Y1A is perpendicular to Z5A, this condition leads to the following equation after
the arrangement of (Y1A � Z5A ¼ 0):

L2ðnÞ cosðrÞ þM2ðnÞ sinðrÞ þ N2ðnÞ ¼ 0 ð12Þ

where, n and r are two angles defined in Fig. 7 and LiðnÞ,MiðnÞ, NiðnÞ (i = 1, 2) are
variables that depend on cosðnÞ and sinðnÞ.

Fig. 7 Considered Four-Bar
mechanism
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cosðrÞ and sinðrÞ are obtained using Eqs. (11) and (12) as follows:

cosðrÞ ¼ M1ðnÞN2ðnÞ�M2ðnÞN1ðnÞ
L1ðnÞM2ðnÞ�L2ðnÞM1ðnÞ ðaÞ

sinðrÞ ¼ L1ðnÞN2ðnÞ�L2ðnÞN1ðnÞ
L1ðnÞM2ðnÞ�L2ðnÞM1ðnÞ ðbÞ

(
ð13Þ

First, the possible solution of n can be found by solving the equation generated
by writing ð13� a)2þð13� b)2 which has only n as unknown. This equation is as
follows:

N2
2L

2
1 þ 2L1M2L1M1 � 2L2N2L1N1

þ N2
2M

2
1 � L22M

2
1 � 2M2N2M1N1

� M2
2L

2
1 þ L12N

2
1 þM2

2N
2
1 ¼ 0

ð14Þ

Equation 14 is a four degree quadratic equation in cosðnÞ and sinðnÞ. This
equation is solved numerically and highly increases the calculation time of the
FKM. The obtained solution of n is then used to calculate r using the Eq. (13).

For given values of (h1A,h1B,h1C), we have at most eight solutions for n and r.
Each pair (ni, ri),for 1� i� 8, gives an orientation (w, h, u) of the end-effector
using the forward kinematic of leg A.

The FKM of the classic SPM was improved in [8] by using an extra sensor.
This sensor reduces the complexity of the FKM. This method will be adopted
for the new SPM to get a a closed form solution. This work will be presented
later.

5 Developed Prototype of the New SPM

A prototype of the new SPM has been developed (Fig. 8). This prototype will
be equipped by absolute sensors to solve the FKM of the master device. This
new will be used as haptic device. A actuators will be placed on the active
joints. The experimental validation of the new SPM will be studied in future
works.
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6 Conclusions

The inverse and forward models of a new spherical parallel manipulator were
studied in this paper. The inverse model (IKM) was obtained by using the geo-
metric and trigonometric relations of the legs of the new SPM. The IKM is simple
and gives a direct solution. The FKM is complex and it was obtained using the
equation of the input/output equation of the four-bar mechanism. The new SPM is
used as a master device for a teleoperation system for Minimally Invasive Surgery.
This device controls a surgical robot (slave). A prototype of the new SPM was
presented in the end of the paper.
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Fig. 8 a Kinematic of legs B
and C. b Kinematic of leg A
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Initial Experiments with the Leap Motion
as a User Interface in Robotic Endonasal
Surgery

T.A. Travaglini, P.J. Swaney, Kyle D. Weaver and R.J. Webster III

Abstract The Leap Motion controller is a low-cost, optically-based hand tracking
system that has recently been introduced on the consumer market. Prior studies
have investigated its precision and accuracy, toward evaluating its usefulness as a
surgical robot master interface. Yet due to the diversity of potential slave robots and
surgical procedures, as well as the dynamic nature of surgery, it is challenging to
make general conclusions from published accuracy and precision data. Thus, our
goal in this paper is to explore the use of the Leap in the specific scenario of
endonasal pituitary surgery. We use it to control a concentric tube continuum robot
in a phantom study, and compare user performance using the Leap to previously
published results using the Phantom Omni. We find that the users were able to
achieve nearly identical average resection percentage and overall surgical duration
with the Leap.

Keywords Surgical robot � Concentric tube robot � Continuum robot � User
interface � Teleoperation � Endonasal surgery
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1 Introduction

Many surgical robots are operated using a teleoperation framework in which the user
manipulates amaster device that records his or hermotions and relays them to a patient
side (sometimes called a “slave’’) robot that interacts with the patient. This teleop-
eration framework is the basis for the widely used da Vinci surgical system (Intuitive
Surgical, Inc., USA) and is also found in numerous research systems [8, 25].

Current master devices for surgical robotic systems typically consist of
mechanical linkages that include motors and encoders. Toward creating less
expensive master interfaces that are not subject to mechanical wear, there has been
increasing recent interest in hand tracking as an alternative approach [7, 15, 16, 26,
30]. This trend has been spurred by the recent introduction of low-cost,
consumer-based tracking devices such as the Kinect (Microsoft, Inc., USA) and the
Leap Motion (Leap Motion, Inc., USA). The Kinect has been used in a variety of
hand tracking and teleoperation experiments (see e.g. [9, 10, 20]). It has also been
productively used in rehabilitation [27]. But the suitability of optical hand tracking
systems like the Kinect or Leap in surgical teleoperation remains an open question.

In this paper we explore the use of the Leap Motion controller in the specific
surgical task of pituitary tumor resection. The Leap is an infrared, camera-based
system designed to track hands, fingers, and tools. The controller is low cost ($79 as
of this writing), has a stated accuracy of 1/100th of a millimeter [17], and is readily
available. The research community has found numerous uses for the device in the
two and a half years it has been available. For example, Potter et al. used the Leap
in a sign language translation application [21]. Igor et al. used the built-in gesture
recognition software to control a 3-finger gripper [31]. Bassily et al. used the Leap
to control a 6-DOF Jaco robotic arm [3]. Sabir et al. used it to create an interface for
visualization of three-dimensional molecular models [23]. There is some evidence
that the Leap’s accuracy in dynamic settings (e.g. when the user’s hand is moving)
is substantially less than the manufacturer’s 1/100 mm accuracy specification [14,
15, 28]. There is also some indication that touchless interfaces may have a shorter
learning curve than touch-based or haptic interfaces [30]. Prior studies have typi-
cally focused on evaluating the accuracy and repeatability of Leap measurements in
static and dynamic settings [14, 15, 28]. However, it is unclear how these accuracy
and precision numbers translate to the feasibility of accomplishing a surgical task,
due to the presence of the human surgeon in the loop. Thus, in our current paper we
aim to experimentally test the Leap in a specific surgical task, with a specific slave
robot. We compare the Leap against the Phantom Omni (formerly Sensable, Inc.,
USA, now the Geomagic Touch, Geomagic, Inc. USA), which was previously
suggested to be a good example haptic device for comparison to the Leap [7]. It is
worth noting that the Leap is at least an order of magnitude less expensive than the
Phantom Omni at the time of this writing and that the Omni is one of the lower-cost
examples of commercial haptic devices, overall.

Our surgical task of interest in this paper is pituitary tumor resections using a
concentric tube robot delivered through the nose. This task is useful because we
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have prior data using the same robot and phantom model, but in which the Phantom
Omni was used as the master [24]. There is ample clincal motivation for accom-
plishing transnasal pituitary resections. Pituitary adenomas account for 15–20 % of
primary brain tumors [2]. Endoscopic transnasal techniques are challenging for the
surgeon, because of the constrained space inside the nostril, and the challenge of
manually manipulating multiple tools in it to accomplish a delicate surgical pro-
cedure, motivating robotic assistance. Prior research on robotic systems for trans-
nasal surgery has focused on image-guided drilling [18] and control of surgical
endoscopes [19]. We have previously developed a complementary multi-arm
robotic system specifically for the tumor resection portion of the surgery, which
features needle-sized manipulators that can bend and elongate in a manner con-
ceptually similar to tentacles (see Fig. 1) [5, 13, 22, 24].

2 Experimental Setup

The robot used in our experiments is shown in Fig. 2 and it delivers a concentric
tube robot consisting of three telescoping, precurved tubes made from superelastic
nitinol (see Fig. 1 and [11, 13, 22] for further information on robots of this type).
The robot used in this paper is identical to the one used in [24], and is described in
more detail in [5]. It features three tubes with diameters of 2.4, 1.7, and 1.2 mm,
each of which can be telescopically extended and axially rotated at its base. The
robot also features an axial wrist, which enables the Hardy transsphenoidal curette
(P/N SP0007011, Codman) mounted at its tip to rotate as shown in Fig. 3.

We implemented a damped least squares teleoperation approach as described
previously [5, 24]. The Leap Software Development Kit (SDK) was used to
measure the position of the center of the hand and the roll, pitch, and yaw angles
about this point, and these were mapped directly to the tip of the concentric tube
robot. When the user wished to move the robot without spinning the curette, the
user simply adjusted the pose of his or her hand with fingers spread. When the user

Fig. 1 A concentric tube continuum robot made from three precurved, superelastic nitinol tubes.
The robot can bend and elongate by rotating and translating the tubes inside one another. The inset
line drawing shows the degrees of freedom. An angled ring curette typically used in hand tools for
endonasal tumor removal is attached to the tip of the robot and can be axially rotated
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wished to re-orient the curette, the user adducted his or her fingers, in which case
the roll angle (i.e. the angle about the vector aligned with the fingers) was mapped
to the axial angle of the curette, causing it to rotate as shown in Fig. 3. The hand
movements were scaled down to reduce tremor and to enable precise movements in
the small workspace of the pituitary gland. A standard 4 mm, 30, endoscope pro-
vided visualization of the surgical site (i.e. the same endoscope used in [24]). The
experimental setup was as shown in Fig. 4.

The phantom tumor model was also the same as used in [24]. It was made from a
5:1 ratio of SIM-TEST (Corbin, Inc., USA) to water. This produces a phantom
tumor that is similar to the consistency of a typical pituitary tumor [4]. This
phantom tumor was placed inside an anatomical skull model (# A20, 3B Scientific,
Germany), which had previously been prepared by the surgeon to closely replicate
the enlarged sella as commonly found in pituitary tumor patients. The volume of the
sella cavity in this model was approximately 6.92 cm3. During resections, both the
endoscope and the skull were fixed in place, and manual suction was used to clean
the curette from time to time, but not to directly remove phantom tissue from within
the sella.

Fig. 2 The actuation unit used to translate and rotate the tubes. Each tube is grasped at its base and
may be translated and rotated independently of the others, enabling the concentric tube
manipulator to bend and elongate

Fig. 3 An illustration of the axial rotation ability of the tip mounted curette. Shown above are two
superimposed images of it after a 180 rotation
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3 Experimental Results

Using the setup shown in Fig. 4, co-author Philip Swaney and co-author and
neurosurgeon Kyle Weaver performed a total of 16 phantom pituitary tumor
resections. It is worth noting that while Philip Swaney was familiar with the robot
in general, these were the first resections he had attempted with the robot. We
measured the time required to complete the procedure and the quantity of tumor
removed. The latter was measured by weighing the skull before introduction of the
phantom tumor, weighing it again after introduction of the tumor, and weighing it a
final time after resection. Figure 5 presents the results in terms of both time and
resection percentage. The average percentage removal was 78.5 � 10.9 % and the
average time to complete the removal was 12.4 � 2.0 min. Figure 6 presents the
same metrics, but as previously achieved in [24]. In that work, experienced sur-
geons performed resections on the same phantom, with the same slave robot, but
using the Phantom Omni as the master interface. There, the average percentage
removal was 79.8 � 5.9 % and the average time to complete the procedure was 12.5
� 4.1 min.

4 Discussion and Conclusions

It remains somewhat controversial whether touchless master interfaces will ulti-
mately be suitable for use with surgical robots. At least one group has concluded that
they are not yet up to the challenge [15], and at least one other group has concluded
that they are promising [7]. In this paper we have studied one particular surgical
application in which an existing data set was available for comparison, and found
that similar metrics were achieved with both a mechanical linkage and the Leap. This

Fig. 4 Experimental setup
for phantom tumor resection
experiments
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Fig. 5 Percentage removal and time to complete removal are shown for all 16 resections
performed with the Leap. The average percentage removal and average time for removal are
overlaid on the data. The trials performed by co-author Philip Swaney are shown in blue, and the
trials performed by neurosurgeon Kyle Weaver are shown in green. The trials are listed in order of
completion—i.e. the first experiment by Weaver had a lower resection percentage, indicating that
some learning curve—but apparently not a long one—may be present

Fig. 6 Percentage removal and time to complete removal are shown for the twenty resections
done with the Phantom Omni, and previously presented in [24]. The average percent removal and
average time for removal are overlaid on the data

176 T.A. Travaglini et al.



provides an indication that there are likely to be at least some surgeries where a
touchless surgical robot interface may be suitable. It also remains to be seen if the
loss of haptic feedback with a touchless interface is important. The da Vinci surgical
robot has found commercial success without the use of haptic feedback, providing
some indication that surgeons can adapt to visual feedback only. The ergonomics of
using a touchless interface for surgical procedures is also an open ended research
question, as fatigue is an important factor for any lengthy surgical procedure.

As was noted in [24], the 78 % average tumor removal should be considered a
successful outcome. This is because pituitary tumors are typically benign and slow
growing, and the goal of the surgery is to decompress nearby structures like the
optic nerve and corotid artery. Thus, it is not necessary to remove all of the tumor,
and 100 % removal is not achieved in many surgeries today. One study identified
“definite tumor remnants or at least suspicious findings’’ in post-operative MRI
scans in 42 % of patients [12]. Furthermore, experienced surgeons believe that the
results of this experiment are conservative, since the hydrostatic pressure in the
brain was not modeled in our phantom. This pressure tends to push tumor material
forward where it is easier to resect during a pituitary tumor surgery.

In the future we plan to improve both hardware and software of the system
described in this paper. First, we are actively pursuing design of the actuation unit for
sterilizability and biocompatibility. One example of a sterilizable actuation unit is
given in [6], and we are developing similar concepts for application to a multi-arm
system. Furthermore, we are developing miniature wrists to make the manipulators
even more dexterous [29]. We are also considering the implementation of virtual
fixtures to enforce “no fly zones’’ around sensitive anatomical structures [1].

In terms of Leap-based control, we are interested in studying learning curves for
both novice and expert surgeons using our system. It will also be useful in the
future to explore a wider range of surgical procedures and types of slave robot, so
that general trends may be observed.

The results of our current study, while by no means a definitive statement on the
value of hand tracking as a master interface, do illustrate at least one specific
scenario where it appears to work sufficiently well for a human user to accomplish a
surgical task. If this holds true in other contexts, in the future one will be able to
confidently say that hand tracking is a viable solution for creating effective, lower
cost, master interfaces for surgical robots.
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Mechatronic Device to Assist Therapies
During Hand Fingers Rehabilitation

F. Aguilar-Pereyra and E. Castillo-Castaneda

Abstract This work presents a novel application of a four-bar mechanism to assist
therapies during hand fingers rehabilitation. The system is a mechatronic device
able to perform fingers flexoextension exercises and can be adapted to different
hand sizes. Fingers flexoextension analysis is based on a kinematic finger model
from index to little to determine the motion trajectory. A four-bar mechanism is
proposed to develop this path and guide the fingertip in rehabilitation therapies. The
kinematic analysis of the proposed mechanism is presented and simulated using
MATLAB. Finally, a prototype for one finger was designed and built to validate the
trajectories.

Keywords Hand rehabilitation � Fingers kinematics � Four-bar mechanism

1 Introduction

The natural flexoextension motion for index, middle, ring and little fingers is
developed by the coordinated rotation of their phalanges [3, 10]. The trajectory of
each fingertip is a curved line like a logarithmic spiral [5]. Different techniques are
used in the rehabilitation therapy for fingers motion [9]; one technique applied by a
physiotherapist consists in moving the fingers joints from the neutral position with
oscillating movements of low amplitude and velocity. The velocity and amplitude
of movements are incremented until develop all the range of motion of the fingers
joints of patient. In mechanotherapy, mechanical systems are used for aiding the
joint movements in rehabilitation [1].
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2 Kinematic Model of Fingers Position

Different kinematic models of the human hand currently exist [6, 11, 3]. The human
hand is the most complex set of jointed bones of human skeleton whose general
structure can be divided, for helping its kinematic analysis, into a first set, the carpal
bones, and a second set gathering the metacarpals and the phalanges of the five
digits [10]. A realistic approach, for developing the fingers flexoextension in
rehabilitation therapies, can consider for one finger, index to little, a kinematic
chain of four links and five joints with origin at the wrist [3, 7]. However, con-
sidering the hand palm is fixed, the metacarpal link (MC) of each finger, except
thumb, represents the fixed basis of each kinematic chain, as shown in Fig. 1. In
such case, the links are: proximal phalange (PP), medial phalange (MP) and distal
phalange (DP) which is the finger end. And the joints are: metacarpophalangeal
(MCP) with two d.o.f. that develops flexoextension and abduction-adduction (lat-
eral movements for fingers separation and approximation); proximal interphalan-
geal (PIP) and distal interphalangeal (DIP), of one d.o.f. each for flexoextension
[3, 7].

The Denavit-Hartenberg parameters of fingers (except the thumb) are presented
in Table 1, where: LPP, LMP y LDP are respectively the lengths of the proximal,
medial and distal phalanges. From those parameters [4, 3], the direct kinematics
equation can be obtained, Eq. (1).

Fig. 1 Kinematic model
considering fixed the bones of
carpus

Table 1 DH parameters for
index, middle, ring and little
fingers considering
metacarpals as fixed bones

Joint Ɵi di ai αi
1 ƟMCP abd 0 0 π/2

2 ƟMCP flex 0 LPP 0

3 ƟPIP flex 0 LMP 0

4 ƟDIP flex 0 LDP 0
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Pi ¼ 0
�1TðuiÞ04TðhjÞi
¼ �1

0 TðuiÞ01TðhMCP AbdÞi12TðhMCP flexÞi23TðhPIP flexÞi34TðhDIP flexÞi
ð1Þ

where Pi represents a matrix describing position and orientation of the finger tip, T
(ui) represents the distance between wrist and the finger reference frame (located at
MCP joint), T(Ɵj)i is a matrix that represents the geometrical transformation
between the i-finger reference frame and its corresponding fingertip. This matrix is
composed by the concatenation of more simple matrixes that represents the con-
tribution of each finger joint [3]. With: i = index, middle, ring and little, j = ƟMCP

abd, ƟMCP flex, ƟPIP flex y ƟDIP flex. The upper limits of passive flexion range Ɵj flex

for 2 ≤ j ≤ 4, are shown in Table 2. Figure 2 shows the natural flexoextensión path.
Figure 2 presents the flexoextension path of the kinematic chain of three pha-

langes corresponding to index with a range from 0 to 90° for MCP and PIP and 45°
for DIP.

The development of natural flexoextension finger path in rehabilitation mecha-
nism requires the immobilization of the hand palm, it could be done with an
ergonomic base and adjustables belts.

Table 2 Angles of active and
passive movements of joints
of fingers index to little [4]

Finger\Joint ƟMCP flex (°) ƟPIP flex (°) ƟDIP flex (°)

Index 90 110 80–90

Middle 90 110 80–90

Ring 90 120 80–90

Little 90 135 90
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Fig. 2 Natural flexoextension
finger path, MCP = PIP = 90°,
DIP = 45°
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3 Four Bar Mechanism for Flexion Fingers Index to Little

3.1 Mechanism Design

The development of a system to assist therapies during physical rehabilitation
should consider aspects that determine its design and functionality. Safety is one of
the most important factors in mobilization of patient fingers. Hyperextension should
be avoided, as well as abrupt movements that cause pain or additional injury to the
patient. A second aspect to consider is the effectiveness of finger mobilization; the
proposed system must provoke the rotation of three joints that produces finger
flexoextension. Finally, efficiency of the system to reach the range of movement for
each of finger joints, the velocity and force that are required in rehabilitation
exercises. Furthermore, the GUI and its operation should be friendly to encourage
the therapists to use it. The coupler link of a four-bar mechanism (Fig. 3) can
develop a path very close to the required in flexoextension finger movement when
the angle of input link θ, is between 180 and 360° respect to x axis. Therefore, a
slider-crank mechanism has been proposed. The curves of flexoextensión index
finger and two, slider-crank mechanism, coupler links paths (A and B) are shown in
Fig. 4.

Figure 4 shows that A and B paths have the same value in three points. Next step
is to determine the length of mechanism links through methods of movement
generation of three positions by graphical synthesis [8]. The resulting lengths of
mechanism links are: crank length (OA) L1 = 5.20 mm, minimum length of fixed
link (OB min) = 21.09 mm, maximum length of fixed link (OB max) = 31.20 mm,
coupler link length (AB) L2 = 26.00 mm, coupler link length extension (AC)
L3 = 6.00 mm and angle of coupler link extension (respect to AB) β = 110°.
Figure 4 shows that three paths coincide at the beginning, middle and the end, the
path A fits better than B to the finger path.

From mechanism simulations, a CAD modeling of the device was performed in
Solidworks®. The Fig. 5 shows the mechanism to mobilize: (a) one finger and
(b) four fingers. The range of motion of input link should be limited from 180 to
360 degrees to develop the natural path of finger flexoextension and to avoid
hyperextension.

Fig. 3 Four-bar proposed
mechanism type slider-crank
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3.2 Mechanism Kinematic Analysis

The kinematic analysis of the mechanism was preformed through vectorial analysis,
it computes position (Eq. 2), velocity (Eq. 3) and acceleration (Eq. 4) of the point of
union between fingertip and C point of coupler link. Figure 3 is shows the vectorial
diagram of mechanism; vector rA begins at origin O of reference frame and its ends
at the joint with coupler link, point A. Vector rB has starts origin O and ends at B,
that moves along axis x. Vector rAC begins at point A and ends at coupler link
extension joint with fingertip, point C; and vector rC starts at origin O and ends at
C. Finally, vector rAB begins at A and ends at B. The coordinates of the point C are
computed from the following expressions:

rC ¼ rA þ rAC ¼ ðxA þ xAC Þ̂iþ ðyA þ yAC Þ̂j
¼ðL1 cos hþ L3 cosuÞ̂iþ ðL1 sin hþ L3 sinuÞ̂j

ð2Þ
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Fig. 4 Flexoextension path of three phalanges and two four-bar mechanisms (A and B)

Fig. 5 Mechanism design. a One finger mechanism. b Four finger mechanism
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vC ¼ _rC ¼ _rA þ _rAC ¼ _xCîþ _xACĵ

¼ � ðL1 _h sin hþ L3 _u sinuÞ̂iþ ðL1 _h cos hþ L3 _u cosuÞ̂j
ð3Þ

aC ¼ rC
:: ¼ rA

:: þ rAC
:: ¼ xC

::
îþ xAC

::
ĵ ð4Þ

¼ ð�L1€h sin h� L1 _h
2 cos h� L3€u sinu� L3 _u

2 cosuÞ̂i
þðL1€h cos h� L1 _h

2 sin hþ L3€u cosu� L3 _u
2 sinuÞ̂j

where: L1 is the length of the segment OA, L3 is the length of the segment AC, _h
and €h are the angular velocity and angular acceleration respectively.

4 Results

The proposed mechanism allows to guide the fingertip through its natural flexo-
extension path. The curves of position, velocity and acceleration of C point are
shown in Fig. 6. The range of input link angle is π < θ < 2π and the angular velocity
is _h = ω = 1 rad/s.

A prototype of the mechanism for one finger is shown in Fig. 7, it has been built
considering the anthropometric sizes of Mexican population [2]. Because the
kinematic chain of the finger is redundant in the flexion plane, a larger finger can
develop totally the desired path but its joints are going to develop a range less than
90°. On the other case, a shorter finger is able to develop partially the desired path,
up an extension limit calculated regarding its length. The mechanism includes a
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position sensor (encoder) in order to know the input link angle θ. A contactless
sensor to detect the end of natural finger motion was included as protection against
finger hyperextension.

5 Conclusions

The mobilization of joints of different limbs in rehabilitation therapies can be
assisted by mechatronic systems. The advantages of external force supply simplifies
the therapist work and allow the monitoring and registering of movements in
electronic systems for subsequent analysis. Two aspects are relevant to consider:
firstly, the mechatronic systems cannot substitute the human therapists in none case,
moreover, this kind of systems should be used under strict professional supervision.
Secondly, the operation safety of mechatronic systems should be warranted through
sensors or mechanic limits to avoid joint mobilization out of natural motion range
of limbs.

Acknowledgments This work is financially supported by IPN. The authors also like to
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protocols.
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Mechanical Design of a Craniotomy
Robotic Manipulator Based on Optimal
Kinematic and Force Performance

T. Essomba, C.-T. Wu, S.-T. Lee and C.-H. Kuo

Abstract The present paper introduces the mechanical design of a robotic
manipulator for craniotomy application considering its kinematic and force trans-
mission ability. The craniotomy is a surgical technique that allows the surgeon to
access the patient’s brain by drilling and cutting the skull. The technical require-
ments of this application are explained. A dedicated mechanical architecture is
proposed. This serial spherical arm is analysed in terms of kinematic and force
transmission. An optimal mechanism is selected, designed and its actuator are
selected to with respect to the identified performances. The global design of the
manipulator is analysed and adjusted to reduce the structural deformation.

Keywords Craniotomy � Medical robot � Serial spherical arm � Kinematics �
Force analysis

1 Introduction

In traditional neurosurgery, the surgeon needs to operate directly the patient’s brain.
However, the brain is protected by the solidest bone of the human body, i.e., the
skull. In order to provide a physical access the brain, the craniotomy is a surgical
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operation for temporarily removing a section of the skull. The surgeon must first
use a semi-automatic surgical tool to drill several holes called “burr hole” on the
skull [1], then he/she use another one to cut and remove an entire section by linking
one burr hole to another until a complete piece can be removed, namely “bone
flap,” from the skull. Once the bone flap is removed, the surgeon can access the
brain to perform the brain surgery. The intervention requires an experienced phy-
sicians who can provide a high degree of dexterity. But at the same time, the
surgeon can rely on robotic technology that provides better stability and suppresses
the surgeon’s physiological factor such as vibration, fatigue or errors [2, 3].

In 1998, the University of Karlsruhe in Germany, used a PUMA 260 industrial
robot to perform a craniotomy procedure [4]. The same research team in collabo-
ration with the University of Heidelberg in 2003 has also raised the RobaCka robot,
and successfully conducted human experiments [5] in order to assist physicians for
premature malformationns healing. After that, the University of Karlsruhe used
another industrial robot (KUKA LWR) and discarded the traditional craniotomy
tool by using the method based on CO2 laser craniotomy research [6]. In 2009,
Lunghwa University of Science and Technology in Taiwan [7] proposed a method
to guide robotic arm using a laser scanning system and to detect the thickness of the
skull under the robot trajectory with computer tomography. This method allows
guiding of an industrial six-axis robotic arm (Fanuc LR Mate 200iB) for craniotomy
purposes.

The above review reflects that robotic systems proposed so far are based on the
use of anthropomorphic industrial robots equipped with adapted surgical tools. In
2014, the National Taiwan University of Science and Technology (NTUST) pro-
posed an approach based on a mechanical architecture especially dedicated to the
craniotomy requirement [8].

The present paper introduces the design of a new robotic manipulator for cra-
niotomy application. Section 2 is an analysis of the craniotomy requirement
including data measurement experimentations. A dedicated mechanical architecture
is proposed and its kinematic and force model are defined in Sect. 3. To select
appropriate actuation, the optimized mechanism is analyzed in terms of perfor-
mance in Sect. 4. Section 5 provides the conclusion.

2 Force and Kinematic Requirements

Discussions with involved neurosurgeon, expert in craniotomy, has highlighted
several specifications for the robotic system. These have been confirmed by visual
observation of real craniotomy in surgical room and described by numerical data
through experimentation. The specifications are stated as below:

• The craniotomy task requires 2 rotational DoF and 1 linear DoF aligned with the
end effector longitudinal axis;
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• The drill axis has to be perpendicular to the skull surface which is assumed to be
a perfect sphere;

• The workspace has been assessed to a cone of 45° apex angle based on the
experience of clinic need;

• The center axis of this spherical wrist zW aligned with the patient’s skull sagittal
plan (xz) and oriented from 45° from the longitudinal axis (x).

The workspace can be limited to this size because the surgeon always orientates
the patient’s head so that the operated zone is directed to the top.The resulting
workspace is illustrated in Fig. 1.

Experimentations have been performed to measure the force and the motion of
the cutting instrument for craniotomy. A regular surgical cutter has been instru-
mented with a force sensor an optical tracker. Pork bones were used for these
experimentation because this animal’s tissues are the closest to human’s ones. As
result, it has been interpreted that this force does not exceed 80 N. The maximum
linear velocity is limited to 0.02 m/s. Regarding its low value (0.0001 m/s2), the
linear acceleration will not be considered in following research. The results listed
above are used as input data for the optimization of the mechanical architecture and
the mechatronic design of the robotic manipulator.

3 Mechanical Architecture Optimization

The literature study reveals that the novelty of these research is usually based on a
very accurate control to provide the safety of the patient’s brain. The hybrid
decoupled Remote Center of Motion (RCM) mechanism of NTUST provides high
kinematic performances and very simply control. However, the mechanism was not
optimized in term of force transmission at this point of the project.

3.1 Mechanism Definition and Kinematic Model

Regarding the requirements described in Sect. 2, a RRP serial spherical mechanism
has been selected. This architecture is famous and widely used for medical appli-
cation that requires RCM [9]. It is a lot more compact than anthropomorphic robots

Fig. 1 Rotational workspace of the craniotomy process
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and its simplicity reduces the number of design variables, which makes its analysis
and optimization very simple. Figure 2 illustrates such a mechanism adapted for
craniotomy application.

The base of the robot is located to the right side of the patient’s skull for practical
reasons: the robot is supposed to be attached to a rail on the side of the clinical bed.
All axis z1, z2 and zE are aligned with the RCM. Angles α and β are the design
variables. They resepectively give the size of the Circular Segment 1 (CS1) and the
Circular Segment 2 (CS2). The actuator variables θ1 and θ2 respectively orientate
the CS1 and CS2. The linear DoF is directed by the axis zE and is actuated by the
actuator variable d. The global size of the mechanism is also given by the radius
R of the CS1 and CS2. It is fixed to 300 mm as a compromise between compactness
and free space between the patient and the manipulator.

Using all these variables, the forward kinematic model is written as followed:

h ¼ � cos�1 Ch1SaCbþ Sb Sh1Sh2 � Ch1Ch2Cað Þð Þ
w ¼ ATAN2 � Sh1SaCb� Sb Ch1Sh2 þ Sh1Ch2Cað Þð Þ=Sh; Ch2SaSb� CaCbð Þ=Shð Þ

ð1Þ

With Cα = cos α and Sα = sin α. The inverse kinematic model is determined by the
following equations:

h1 ¼ � cos�1 C
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ B2
p� �� �

þ ATAN2 B;Að Þ
h2 ¼ � cos�1 CaCb� CwShð Þ=CSbð Þ

ð2Þ

With A = Sθ2Sβ, B = Sθ2Sβ + CαSβCθ2 and C = SψSθ.

Fig. 2 RRP serial spherical
architecture for craniotomy
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To study the force transmission the mechanism, all external forces and
momentum applied on each of them are shown in Fig. 3. The objective is to
determine the momentumM1z and M2z, which have to be supply by the two actuator
torques.

3.2 Force and Kinematic Optimization

The objective is to guarantee that the robotic manipulator has enough force to
provide drilling and cutting task while maintaining good kinematic performance.
The actuators will have to provide enough torque to supply the cutting force that
will counter balance the skull reaction force (measured through experiments). Also,
the value of this minimum necessary torque has to be as low as possible to reduce
the size and weight of mechanical equipment. Based on a genetic algorithm, a series
of optimal RRP mechanism have been identified and compared through a Pareto
front. Their design variables generate a compromise between force and kinematic
indexes.

The serial spherical RR arm which design variables are: α = 90° and β = 50° has
been selected. This choice is motivated by the kinematic performance generated
while maintaining the actuator torque at a low level: 23.76 Nm for the actuator of
CS1 and 8.25 Nm for the CS2.

Fig. 3 Force and momentum interaction in the mechanism
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4 Mechatronic Design of the Robotic Manipulator

One optimal RRP mechanism has been selected. However, the weight of the
mechanism is not considered at this step the design. The next step is to use all
design variable to generate a CAD model of the robotic manipulator. The CAD
model is shown on Fig. 4.

The software Solidworks allows providing a very accurate estimation of the
structure weight. These new data and the direction of the gravity in all configura-
tions are used as input to compute the two actuator torques in order to consider the
weight of the structure. As result, they have computed at 40.36 Nm for the first
actuator and 13.83 Nm for the second one. These data will allow selected actuators
and reducers to be integrated in the robotic manipulator.

The objective is to select technological solutions to motorize the robotic
manipulator to providing the required performances. Another specification of this
aspect is the velocity of the manipulator. Experimentation has reveal that the
maximum linear velocity is 0.02 m/s. To convert this data into angular velocity for
the motorization, the dimension of the CS1 and CS2 are used. For each actuator, the
maximum rotational velocity is reached when the linear speed is tangential to the
rotation motion as illustrated in Fig. 5.

Using the rotation motion relationship, the angular velocity is estimated at
1.47 rpm for the first actuator and 1.91 rpm for the second one. For the third
actuator of linear DoF, it has been estimated that the linear velocity shall be around
10 mm/s and its torque at least 0.076 Nm. The two first gearhead actuators are
coupled with Harmonic Drive-type gearheads (HD) to increase the torque and to
reduce the velocity. They been selected for their high performance and their light
weight. The Table 1 gives all equipment selected to actuate the each joint of the
manipulator and their respective generated performances. Torques are given in
Newton and speeds in round per minute, except for the third joint which is given in
millimeter per second.

Since the manipulator will be subject to high force interaction, its structure has
been studied in terms of deformations. Therefore, the design has been adjusted to

Fig. 4 CAD model of the craniotomy robotic manipulator
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reduce these deformations. Simulations have been provided for each individual
parts. For this study, the assumed skull reaction force has been intentionally
increased to 150 N to anticipate potential malutilizations. The Fig. 6 illustrates the
maximum deformation computed in these extreme conditions. In such a case, the
deformation does not exceed 0.35 mm.

Fig. 5 Estimation of the actuators rotational velocities

Table 1 Actuators integration of the robotic manipulator

Joint Equipment Acutal
performance

Required
performance

Motor Gearhead HD Speed Torque Speed Torque

#1 2657-012CXR 26A-16 CSG-17-120 2.65 48.4 1.47 40.36

#2 2342-012CR 17/1-20 CSG-17-120 2.53 25.9 1.91 13.83

#3 1741-012SR 16/7-14 None 15.7 0.094 10 0.076

Fig. 6 Estimation of the
actuators rotational velocities
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5 Conclusions

A RRP serial spherical arm is proposed for a craniotomy robotic system. This
mechanical architecture is very simple but adapted for this application, regarding
the analyzed user requirements. A mechanism has been optimized in terms of
kinematic and force transmission performances to guarantee that the robot generates
enough force to drill and cut the skull. The required performance identified through
the optimization are used as input data for the selection of manipulator actuator
technology. The global design of the structure is refined to reduce the deformation
as much as possible.
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Dynamic Simulation of a Cable-Based Gait
Training Machine

H. Lamine, S. Bennour and L. Romdhane

Abstract In this paper, we present a dynamic analysis of a new type of gait
training machine. This latter is based on a conventional body weight support system
and a cable driven parallel robot in order to move the lower limbs. This gait training
machine can be used to restore walking of neurologically injured patients. The aim
of this study is to model and simulate dynamically this machine during a walk
cycle. The obtained results will mainly be used in order to size the different actu-
ators of the cable robot.

Keywords Gait rehabilitation � Cable driven robots � Body weight support
system � Dynamics

1 Introduction

Restoration of walk motor functions for neurologically injured patients can be
achieved through rehabilitation exercises. Conventionally, the training method is
based on the Partial Body Weight-supported Treadmill Training System. Indeed,
the patient is suspended with a Body Weight Support System (BWS), this latter
helps the patient to unload a part of his own weight and thus reducing ground
reaction acting on the lower limbs while a therapist manually assists the patient legs
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movement. Therefore training sessions are limited by the performance of the
therapists. Motorized training machines overcome this limitation and offer a long
duration of training and should lead to a more effective gait recovery [1–3].

These automated machines guarantee a passive guided trajectories of the lower
limb. Mainly two methods are used [4], the first one is a basic serial robot attached
to the lower limb (e.g., the Lokomat system [5]) and the second is based on
programmable foot-plates attached to the down side of the feet, in order to move the
lower limbs (e.g., the Lokoiran System [6]). In this work we propose a new design
based on a cable driven robot, an orthosis is attached to the leg, which is controlled
by a cable system to move the lower limb in the sagittal plane (see Fig. 1). This
design has some interesting advantages mainly high dynamic performance, less
intrusion and low cost…

Our objective is to present a dynamic modeling of the proposed system and then
to determine the reaction forces between the leg and the cable robot’s effector.

The paper is organized as follows. In Sect. 2, an overview of the rehabilitation
machine and the normal human gait is presented. A dynamic modeling and a
simulation are investigated in Sect. 3. Finally, Sect. 4 presents a tension analysis of
the cable robot.

Winch (W)

Spring (S)

Pretension
Motor (P)

Harness 
(H)

Static 
pulleys

Coiling 
motor (C)

Treadmill (T)

Foot lifter 
(F)

Suspension System Cable robot

Dynamic 
Pulley

Rope

Orthosis (O)

Prototype of leg's 
orthosis

Fig. 1 Mechanical description of the proposed gait training machine
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2 Rehabilitation Machine and Human Gait

2.1 Description of the Gait Rehabilitation Machine

The machine shown in Fig. 1, is based on a passive elastic dynamic suspension
system [7], a cable robot and a treadmill (T). The patient is wearing a Harness (H),
which is linked to the unloading system by a rope and a series of pulleys, the main
part of the suspension system is based on a translational system attached to two
springs (S). The electric winch (W) helps in lifting the patient from a sitting to a
standing position and allows springs to work in a specific range, these latters apply
an unloading force on the patient through the moving pulley and the rope. A motor
(P) coupled to a screw system serves to adjust the springs pretension and hence the
percentage of the unloaded weight.

For the cable robot, an orthosis (O) is placed around the leg and a foot lifter
(F) is positioned between the orthosis and the foot to prevent this latter from falling
down (similar to the Lokomat system [5]) and a cable set moves the lower limb in
the sagittal plane with programmed walk trajectories.

The walk advance movement and the ground reaction are ensured by a treadmill
(T).

2.2 Kinematics of a Normal Human Gait

A gait cycle (see Fig. 2) is defined as a sequence of repetitive events. A normal
walk cycle is mainly split in two phases: Stance phase and Swing phase. The stance
phase is defined as the period when the foot is in contact with the ground and the
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Fig. 2 Lower limb walk kinematics [9]
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Swing phase is identified by the time when the foot is flying. The stance phase has
two features: single limb stance, if one foot is in contact with the ground, and
double support stance when the body weight load is shared between the two limbs.
One shall note that, in normal gait, there is a symmetry between the trajectories of
the two limbs [8].

The movements of the lower extremity are flexion-extension of the hip, the knee,
and the ankle, and the vertical displacement of the pelvis. During a gait cycle, the
kinematic data of the lower limb are given in Fig. 2:

3 Dynamic Simulation

3.1 Dynamic Modeling

As mentioned before, lower limb movements are studied in the sagittal plane and
the following assumptions are made:

• lower extremity joints are passive and they are free to rotate,
• leg’s orthosis is solidary to the leg,
• the upper body has a pure vertical displacement,
• even when the ankle joint is not actuated, the same general trajectory is observed

[10].

Dynamic analysis, presented in this study, is based on Newton-Euler equations
and free-body diagram formulation. Figure 3 shows the set of loads acting on the
lower limb, external loads are: spring upward force Fspring, ground reaction Rground,
cable robot resultant force and moment (Fcdr and Mcdr). The joints’ transmitted
torques are zero since they are passive.

The dynamic simulation data [8] are summarized in Table 1. All dimensions are
measured when joint angles are zero, relative to the frame R0 (see Fig. 2), which is
centered at the hip joint with a zero pelvic displacement. The inertia data are
computed relative to local frames centered in the centers of mass (CoMs), (see
Fig. 3).

3.2 External Wrench Determination

To compute the external wrench applied by the robot cables, we proceed based on a
recursive method. First, we write the equilibrium of the upper body, the thigh and
the foot and then we solve the equilibrium of the leg.

Moreover, some input data are calculated based on a normalized ground reaction
(relative to body weight) measured during a normal gait cycle [9], (see Fig. 4a).

The dynamic equations are as follows:
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• For the upper body, the dynamic equilibrium equation is:

Fspring þ ð1=aÞ:Fthigh=upper þWupper ¼ mupper body: aspine jFyspring ¼ Kðx0 þ DxÞ
x0 ¼ ðBWS:g:mbodyÞ=K ð1Þ

a is a ratio that defines the participation of a limb to support the body weight: a is
equal to 1 during single limb stance, zero during swing phase, and during double
support time it varies from 0 to 1. This coefficient is calculated based on the

C1

C2

C3

C1: CoM of the thigh
C2: CoM of the leg
C3: CoM of the foot
P1: footlifter connection 
point to the orthosis
P2: footlifter connection 
point to the foot

P1

P2

Ffootlifter
Worthosis

Ffoot/leg

FcdrMcdr

Fthigh/leg

Fupper/thigh

Wupper_body

Fspring

Wthigh

Wleg

Wfoot

Rground

Fig. 3 Loads acting on the lower limb

Table 1 Dynamic simulation data

Mass of the upper
body

Thigh (mass; length) Leg (mass; length) Mass of
foot

Mass of the
orthosis

BWS
ratio

66.6 kg 10.5 kg; 0.433 m 4.75 kg; 0.435 m 1.45 kg 1.2 kg 50 %

Ithigh Ileg Ifoot Iorthosis Springs constant Gait cycle duration

0.1666 kg.m2 0.0808 kg.m2 0.0072 kg.m2 0.0153 kg.m2 4 kN/m 1.4 s

g C1[m × m] C2[m × m] C3[m × m] P1[m × m] P2[m × m]

9.81 m/s2 (0; −0.1878) (0; −0.6215) (0.0626; −0.9025) (0.065; −0.658) (0.134; −0.928)
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normalized ground reaction component NRy of both feet: a ¼ ðNRyright
þNRyleftÞ=NRyright(see Fig. 4a).

The initial spring length x0 is calculated based on the amount of unloading BWS.
The output from Eq. (1) is the force Fthigh/upper.

• For the thigh, the dynamic equilibrium equations are:

Fupper=thigh þ Fleg=thigh þWthigh ¼ mthigh: athigh
MFupper=thigh

þMFleg=thigh
þMWthigh ¼ Ithigh: _xthigh

ð2Þ

The output from Eq. (2) is the force Fleg/thigh.

• For the foot, we have following equations:

Fleg=foot þ Ffootlifter þ Rground þWfoot ¼ mfoot: afoot
MFleg=foot

þMFfootlifter þMRground þMWfoot ¼ Ifoot: _xfoot
ð3Þ

The ground reaction force is obtained from the normalized ground reaction
multiplied by the actualized body weight: mbody � g� Fspring (see Fig. 4b), i.e. the
amount of unloading is subtracted from the body weight. Outputs from Eq. (3) are
Fleg/foot and Ffootlifter. One shall note that MRground is neglected since ankle joint is
assumed to be passive, also we consider that the sum of MFfootlifter andMWfoot is null in
Eq. (3), therefore MFleg=foot reflects the inertia effect of the foot on the leg.

• And finally for the leg:

Fthigh=leg þ Ffoot=leg þWleg � Ffootlifter þ Fcdr ¼ ðmleg þ morthosisÞ: aleg
MFthigh=leg

þMFfoot=leg
þMWleg þM�Ffootlifter þMcdr ¼ ðIleg þ IorthosisÞ: _xleg

ð4Þ
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It is worth mentioning that for Eqs. (3) and (4) the foot lifter force is only active
during swing phase since during stance phase the foot is balanced by the ground
reaction, moreover this force is computed based on moment equilibrium with foot’s
weight.

Once the required data (Fleg/thigh, Fleg/foot and Ffootlifter) are obtained from
Eqs. (1–3), a simple evaluation of Eq. (4) allows us to calculate the external wrench
Fcdr and Mcdr curves (see Fig. 5).

4 Tension Distribution Analysis

The cable robot is controlled by 4 cables as shown is Fig. 6, location of A and
B points are given in Table 2, respectively, with reference to frames R0 and R2 (see
Fig. 6).

Cable tensions (see Fig. 7) are obtained by solving the feasibility of the equi-
librium system of Eq. [11], this is obtained based on a linear programming mini-
mization procedure:

minð
X4
i

tiÞ subject to A:T = B and ti � 0 ð5Þ

where A is a 3 by 4 structure matrix, T is a 4 dimensional vector that represents the
cable tensions and B is a 4 dimensional vector of external wrench (see Fig. 5).

For almost all the gait cycle, cables 2 and 4 are the most active ones, this can be
explained by the fact that these two cables can only apply a positive torque and the
value of Mcdr is positive (see Fig. 5b). Also during the swing phase (from 8.6 to
1.4 s), cables 1 and 2 are more active then cables 3 and 4 since the required external
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force has a vertical upward direction. The tension distribution could be improved
through the choice of attachment points’ location and also through the choice of
more sophisticated objective functions.

Fig. 6 The cable robot
specifications

Table 2 Cable driven robot
attachment points (x[m]; y
[m])

A1 A2 A3 A4

(−1; −0.2) (1; −0.2) (1; −0.9) (−1; −0.9)

B1 B2 B3 B4

(−0.06;
−0.1359)

(0.06; -
0.1359)

(0.07;
0.064)

(−0.07;
0.064)
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5 Conclusion

A dynamic model and a simulation of a new gait training machine was investigated
in this work. Preliminary results concerning the tensions in the cables, were pre-
sented. These results will be used to select the appropriate motors for the cable
robot. Ongoing work is carried out to present more realistic models to ensure a
more robust design.
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An in Vivo Experiment to Assess
the Validity of the Log Linearized
Hunt-Crossley Model for Contacts
of Robots with the Human Abdomen

F. Courreges, M.A. Laribi, M. Arsicault and S. Zeghloul

Abstract A key issue in Human-Robot physical interaction is the real-time per-
ception of contact impedance by the robot. The Hunt-Crossley (HC) model is a
popular model of contact force with soft biological tissues as it enjoys accuracy
with low-complexity properties and its parameters are physically sound. Because
the original HC model is non-linear, the current best known approach of real-time
identification consists in identifying the parameters of a log linearized version of the
HC model, by means of a Recursive Least Squares (RLS) algorithm. But, the final
model used for exploitation in robot control, is the original non-linear HC model
with the previously identified parameters. Hence, this approach may be question-
able concerning the modeling accuracy and some authors prefer rejecting the HC
model. This paper presents for the first time an in vivo experiment to assess the
performances of contact models with the human abdomen. In particular we show
here through a statistical analysis, that the log linearized HC model should be
considered as a contact model on its own and replace the original non-linear HC
model for both identification and exploitation.

Keywords Contact modeling � Hunt-Crossley model � Log linearized
Hunt-Crossley model � Model selection � Nonparametric goodness-of-fit test �
Medical robotics
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1 Introduction

A key issue in Human-Robot physical interaction is the real-time perception of
contact impedance by the robot. The Hunt-Crossley (HC) model [6] is a popular
model of contact force with soft biological tissues as it enjoys accuracy [10, 13]
with low computational complexity properties [2, 4, 8, 9, 11]. Furthermore, it is also
consistent with the physics of impact of viscoeleastic materials through its
Coefficient of Restitution [6]. While this model is non-linear, some linear recursive
least squares (RLS) approaches of parameters identification, could be proposed
[2, 4]; thus enabling a fast and real-time on-line identification. However, because
the HC model is non-linear, it is not always preferred [10], probably because it is
feared that an RLS based approach may have difficulties to converge or may be
inaccurate. In fact in “normal’’ Human-Robot physical interactions, velocities
remain generally low as is the ratio of viscous reaction force over elastic reaction
force of soft biological tissues. These conditions thus lead to hindering the iden-
tification convergence of the viscous interaction forces, especially with the boot-
strapped double stages algorithm of Diolaiti et al. [2] as suggested in [4]. In
addition, measurement noise can also contribute to the poor conditioning of the
identification problem. Alternatively Haddadi and Hashtrudi-Zaad [4] have pro-
posed to make approximations in the HC model so as to identify a log linearized
version of it, with a single stage RLS algorithm. Indeed let us recall the expression
of the HC model:

F ¼ k xnð1þ l x
: Þ; if x � 0

F ¼ 0; if x \ 0

�
ð1Þ

where, F is the reaction force of the material; x is its indentation; k, l and n are
positive real parameters of the model so that k represents the non-linear stiffness,
k ¼ k:l represents the non-linear viscous coefficient and n is the dimensionless
non-linearity parameter. The exponent n is usually close to 1, and allows taking into
account the stiffness increase when the contact area also increases. Remark that the
HC model is a generalization of the Hertz model to viscoelastic materials and is in
agreement with the intuition that the damping coefficient should vary with the
body’s relative penetration. Also, importantly, in contrast to the Kelvin-Voigt
model the HC force remains continuous upon impact. If we restrict to non-negative
indentations x, the natural logarithm of the force yields:

ln Fð Þ ¼ nln xð Þ þ ln kð Þ þ ln 1þ l_xð Þ:

Considering that for soft biological tissue like flesh, the coefficient l remains neatly
lower than 1, and because velocities are assumed low in physical Human-Robot
Interactions (pHRI), the following first order approximation is proposed:
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ln Fð Þ’nln xð Þ þ ln kð Þ þ l _x; ð2Þ

thus linearizing ln Fð Þ in the parameters k, l and n. However, Haddadi and
Hashtrudi-Zaad consider making use of the identified parameters from the linear-
ized model with the non-linear HC model, thus introducing errors in the fit of the
model to experimental data. This composite model having the structure of the HC
model but with parameters computed from the LLHC model, is denoted HC-LLHC.
Furthermore, the safety limit of impact velocity with a robot may reach up to 2 m/s
[5], thus the approximation assumptions may not always be satisfied with some
particular tissues having substantial viscous effects and which may also be involved
in pHRI, such as abdominal tissues. Hence, the aim of this paper is to assess
whether the Log Linearized Hunt-Crossley (LLHC) model, obtained by exponen-
tiating Eq. (2) and yielding expression (3), could be considered as an accurate
contact model on its own, at least in the fields of collaborative robotics and medical
robotics where the human abdomen constitutes the impedance to model and
identify.

F ¼ kel _xxn ð3Þ

Our evaluation approach yields the following structure to the article: Sect. 2
describes the protocol to obtain experimental data in vivo with a volunteer subject,
so as to obtain stress responses under dynamic loading. To our knowledge, it is the
first time that HC type models are statistically evaluated on living human subjects.
Section 3, describes how we have processed the data and the chosen statistical
goodness of fit test and model selection criterion. Section 4, compares and discusses
the modeling fidelity of the HC, LLHC and HC-LLHC models based on the
indicator described in Sect. 3.

2 Experimental Protocol

The experimental protocol involved a volunteer male subject (21 years old). An
instrumented probe (Fig. 1) was applied on the subject’s abdomen and was man-
ually given a cyclical movement by an operator with force loading and unloading
cycles. The probe’s displacement was performed to be as close as possible to a
sinusoidal pattern in a vertical direction by the operator and the subject was lying on
a horizontal plane. In this experiment the subject was asked to relax and hold his
breathe with empty lungs so as to avoid perturbations from the respiratory motions.
In order to measure the relative penetration of the probe in the subjects’ abdomen,
we used the optical tracking device designed by ViconTM (Figs. 1 and 2). Several
reflective markers were installed on the probe and on the patient’ s abdomen
(Fig. 1). The probe was also equipped with a force sensor. The cameras used to
record the markers position allow a 300 Hz sampling and the force sensor a 900 Hz
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sampling. The experiment was about 30 s long and the frequency of the
loading-unloading cycles was almost constant over this duration. This setup
allowed us to record directly the force signal synchronously with the position of the
reflective markers. As the reflective markers position did not provide directly the
real penetration depth, we needed to reconstruct the probe position. This position
was obtained thanks to several geometrical constraints fitted in a least squares sense
with the markers position data. These results added to the reflective markers on the
subjects’ abdomen let us determine the indentation of the abdomen, exerted by the
central point of the probe’s tip, at each sample time.

Fig. 1 Probe used in the experiment (left) and global experimental setup (right), the operator is
applying the probe on the subject’ s abdomen, there are four markers on the subject abdomen (one
is behind the probe)

Fig. 2 Experimental setup: cameras of the Vicon Nexus motion capture system
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3 Experimental Data Analysis Procedure

3.1 Measurements Noise Analysis

To analyze the noise in the probe’s end-tip localization, a record of 1116 samples of
the probe’s markers position was achieved while the probe remained still. As
mentioned in the previous section, the end-tip of the probe is reconstructed by a
least-squares optimization process subject to some geometrical constraints. From
there, the tip position error projected on the probe’s axis can be computed.
A statistical analysis of these errors showed that they cannot be considered as
normally distributed (Shapiro-Wilk test, W = 0.8592, p = 0). Because the probe’s
end tip position reconstruction is a complicated non-linear process, it is not easy to
devise the true parametric form of the underlying noise density. Therefore, we have
carried out the experimental data analysis in Sect. 4 by means of a nonparametric
approach presented in next subsection.

3.2 Model Quality Evaluation Criteria

We want to assess two properties of the models of force. The first is the adequation
or goodness-of-fit to the experimental data, and we need a very accurate test as it is
expected that the models considered should perform very closely. The second thing
we want to know is which model we should select as better candidate for grabbing
the information content of the experimental data. In both cases, we make the
standard assumption that if a model perfectly fits the data, then the residuals should
be independent and identically distributed (iid) random variables with zero mean.

3.2.1 Goodness-of-Fit Test

For the first problem, the nonparametric likelihood ratio based, goodness of fit
statistical test ZA, from Zhang [14], is used here. To introduce the statistic ZA, let us
denote by X a continuous scalar random variable with distribution function
(cumulative density function) FðxÞ. Notice that in our case, X would represent the
model residual. This statistic enables to test the null hypothesis

H0 : FðxÞ ¼ F0ðxÞ; for all x 2 ð�1;þ1Þ

against the general alternative

H1 : FðxÞ 6¼ F0ðxÞ; for some x 2 ð�1;þ1Þ
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where F0ðxÞ is a hypothesized and fully known distribution function to be tested.
Let us also denote by FnðxÞ the empirical sample distribution computed from an iid
random sample of size n. The statistic ZA takes the form:

ZA ¼
Zþ1

�1
1� FnðxÞð Þ�1log

FnðxÞ
F0ðxÞ
� �

þ FnðxÞ�1log
1� Fn xð Þ
1� F0 xð Þ
� �� �

dFn

dx
ðxÞ

� �
dx

ð4Þ

Hence, ZA can be seen as a discrepancy measure of FnðxÞ from a reference distri-
bution F0ðxÞ. Owing to the optimality of the likelihood ratio as established by the
Neyman-Pearson lemma, the test based on ZA enjoys an excellent statistical power
(way better than classical nonparametric tests [3, 14] such as Kolmogorov-Smirnov
or Cramer-Von-Mises tests). Zhang has proposed in the same vein three different
statistics, ZA, ZC and ZK ; ZA and ZC were shown to be the most powerful and
perform very closely. But, ZA was shown to perform slightly better in the case of
composite hypothesis [3]. The importance of this consideration will be understood a
bit further. Now we shall determine which reference distribution to use for F0ðxÞ.
This distribution should represent the ideal residuals distribution when the model of
force perfectly fits the data. But, as discussed earlier this distribution is imperfectly
known. Based on the approach of Owen depicted in [12] Chap. 2, we suggest to
devise F0ðxÞ as the maximum likelihood nonparametric empirical distribution sat-
isfying the constraints of an ideal residuals distribution. More precisely, let us
assume we managed to grab an n-sample of residuals. The ties free order statistic of
the sample is noted eX 1ð Þ; eX 2ð Þ; . . .; eXðenÞ, where en is the number of different values,

and eX iþ1ð Þ [ eX ið Þ for all i 2 1; 2; . . .enf g; furthermore the multiplicity of the ties

having the value of rank i, is stored in the variable m ið Þ, so that
Pen

i¼1 m ið Þ ¼ n.

Notice that if there are no ties, then the sequence eX ið Þ
� 	

is exactly the same as
X ið Þ
� 	

and en ¼ n. With these notations, from Eq. (4), ZA simplifies to:

ZA ¼
Xen
i¼1

log FnðeX ið ÞÞ
F0 eX ið Þ

 �� �

1� FnðeX ið ÞÞ
þ
log 1�FnðeX ið ÞÞ

1�F0 eX ið Þ

 �� �

FnðeX ið ÞÞ

2
664

3
775 ð5Þ

Besides, as suggested by Zhang [14] the empirical distribution, generalized to the
case when there are ties in the sample, should be expressed as

FnðeX ið ÞÞ ¼
Pi

j¼1
m jð Þi�0:5m ið Þ

n . Similarly, we define the distribution F0ðxÞ as:

F0ðx ¼ eX kð ÞÞ ¼
Xk�1

i¼1

p ið Þ

 !
þ p kð Þ

2
; ð6Þ
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where the weights p ið Þ satisfy the optimal problem:

max pi;i¼1;2;...enf g
Xen

i¼1
mi log p ið Þ


 �
S:C:

Xen
i¼1

p ið Þ ¼ 1

Xen
i¼1

m ið ÞeX ið Þp ið Þ ¼ 0

p ið Þ � 0; 8i 2 1; 2; . . .; enf g

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð7Þ

Now because F0ðxÞ depends on the sample, the statistical test making use of F0ðxÞ
cannot be considered anymore as a simple hypothesis test, but should be qualified
as complex or composite hypothesis test (this is why ZA is more appropriate than
ZC). Because of this, the distribution of the statistic ZA cannot be found in
pre-computed tables, and should be computed on an ad hoc basis (i.e. for each
sample). We have used the Monte Carlo simulation based approach suggested in
[7], with 300000 runs.

3.2.2 Model Selection Criterion

The standard and efficient Akaike’s Information Criterion (AIC) for model selection
[1] is used here. For each model “M” the following reduced AIC can be computed:

AICr;M Xð Þ ¼ � log LM X 1ð Þ;X 2ð Þ; . . .X nð Þ

 �

where LM X 1ð Þ;X 2ð Þ; . . .X nð Þ

 �

represents the maximum nonparametric empirical
likelihood of the n-sample assuming the model M, so that:

LM X 1ð Þ;X 2ð Þ; . . .X nð Þ

 � ¼Yen

i¼1

p
m ið Þ
ið Þ ;

where p ið Þ are the weights solution of (7). The AIC is termed “reduced’’ here,
because the original AIC is scaled by a constant factor and has an additive offset
depending only on the number of free parameters in the model. However to
compare models having the same number of parameters, the scale and offset have
no importance.
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3.3 Generation of Samples of Residuals

Because the experiments were made in vivo, and the total duration of the experi-
ments were significantly large with respect to the duration of the loading and
unloading cycles, the biomechanical parameters to identify may be dynamically
affected by physiological phenomena and reactions of the subjects over the whole
experiment duration, even when demanding the subjects to hold their breathe. We
can nevertheless assume that in a time window including no more than 2
loading-unloading cycles (corresponding to about 110 samples) the biomechanical
parameters remain constant. Hence, the whole sample acquired in each experiment
has been cut into smaller disjoint sample windows of 110 timely consecutive data
points, which represents a time span of about 0.4 s. For each window of 110
samples, the models considered (HC and LLHC) have been fitted to the data, using
the total least squares optimization approach. This method of identification is rel-
evant to the practical real-time identification approach which is RLS based ([2, 4]).
Because these models are viscoelastic they also need a velocity input. The velocity
has been estimated from the reconstructed position by means of a low order and
small smoothing window Savitzky-Golay differentiator (1st order polynomial fit
with a window length of 7 data points). Only the 35 sample windows having the
best statistical homogeneity have been subsequently retained. For each of the
retained sample window and each model, the model residuals at each discrete time,
have been computed and collected together with the residuals of all sample win-
dows, so as to form one unique pool sample of 3850 residuals. This large size of
sample ensures a very good significance of the statistical analysis of the data. The
resulting pool sample of residuals has then been processed to compute the previ-
ously described criteria in Sect. 3.2. The results are provided and discussed in next
section.

4 Processed Experimental Data, Analysis and Discussion

The data processing results are reported in Table 1, below. The “MSSR’’ is the
Mean Sum of Squared Residuals over the whole pool sample; it is added here as an
assessment criterion, because the least squares approach of model parameters
identification used here, aims at minimizing this criterion. The goodness of fit of a

Table 1 Force models statistical performances

Model
type

MSSR ZA p-
value (%)

AICr exp AICr;min�AICr

2

� 

HC 0.0285659 0.0580479 85.24079 3.178495679425e + 04 0.99934547

LLHC 0.0285051 0.0536646 85.73203 3.178495548476e + 04 1

HC-LLHC 0.0285804 0.0754974 83.17224 3.178496202057e + 04 0.99673743
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model is assessed by its value of ZA and corresponding p-value. The best model to
select should have the lowest AICr denoted AICr;min; and the term

exp AICr;min�AICr;M

2

� 

, represents the relative probability that the model M mini-

mizes the estimated information loss ([1], Sect. 2.12.4). From Table 1 it is clear that
all models perform very closely and are very good at fitting the data. All perfor-
mance criteria reported here are in agreement to confirm that the HC-LLHC model
should be rejected in regards to the two other models contrary to the current
practice. Between HC and the LLHC, contrary to what could be thought, it is
striking to notice that the LLHC model does not have significant degraded per-
formance compared to the HC model; but on the contrary it performs even slightly
better on all indicators. Hence in regards to its advantage for real-time identification
and its modeling accuracy, the LLHC model should be definitely considered as a
contact model on its own and not only an approximation (of the HC model) and
hence should be preferred over the HC and HC-LLHC models.
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Real-Time Reconstruction of Heightmaps
from Images Taken with an UAV

Jose Gabriel Ramirez-Torres and Ander Larranaga-Cepeda

Abstract In this paper, an approach for a real-time three dimensional recon-
struction of a dense point cloud, from images obtained with an unmanned aerial
vehicle, is presented. The approach also estimates the model scale, using a known
marker as reference, obtaining a fairly precise heightmap of the environment. The
proposed image analysis framework is also capable of an off-line 3D reconstruction
from monocular images, without known markers in the environment. The proposed
framework is an adaptation of the Patch-based Multiview Stereo (PMVS) algo-
rithm, in order to obtain a faster point cloud generation, suitable for real-time
environment reconstruction. For the obtained heightmap, the error estimation ran-
ges between 1–1.5 % for manual detection of marker and 4–5 % for automatic
marker detection, which we consider is accurate enough for autonomous navigation
and path planning.

Keywords Real-time 3D reconstruction � UAV applications � Image analysis �
Computer vision � Autonomous robots

1 Introduction

An unmanned aerial vehicle (UAV) can be defined as a powered aerial vehicle that
does not carry a human operator, uses aerodynamic forces to provide vehicle lift
and can fly autonomously or be remotely piloted [9]. UAVs are classified according
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to the type of wing (fixed or rotary wing) and to its taking off capabilities (vertical
take-off or short take-off and landing) [4]. Good performance, low cost,
vertical/short take-off and landing allowing access to hazardous areas for humans,
low weight and low noise, can be counted among the main advantages of UAVs for
different applications. At present, semi-autonomous UAVs are just able to perform
very specific automatic tasks, such as marker-based navigation, automatic take-off
and landing [20]. In order to expand the actual range of possible applications of
UAVs, we must assure a safe and autonomous navigation through unknown
environments, which requires a robust mapping ability of the surroundings. Such
exploring ability leads to many non trivial problems, such as the UAV localization
problem in a GPS denied area or the real-time obstacle evasion when navigating
through an unknown environment. In order to solve these problems, it is required to
generate a dependable metric representation of the environment, based on the
received data from sensors, that is, a map containing distance, height and angle data
of the overflown area.

The most common way to describe the orography of the environment is through
heightmap. The generation of a heightmap is a process involving the digital rep-
resentation of the terrain surface from a sequence of sensor readings (rangefinder or
visual sensors), in order to obtain a numeric model known as Digital Elevation
Model (DEM), Digital Terrain Model (DTM) or Digital Surface Model (DSM) [22,
25]. The main applications of digital terrain models are the terrestrial parameters
extraction, generation of three-dimensional maps for cartographic relief depiction,
orthorectification of aerial photographies, analysis of GPS data, analysis of terrain
surfaces, flight planning, among others.

In litterature, there exist different proposals for digital terrain model generation
from GPS-based images obtained using a UAV [2, 3, 20]. The purpose of this paper
is to propose a solution based on a commercial UAV equipped with a monocular
camera, in order to provide an easy and affordable way for the generation of digital
terrain models, particularly in a GPS-denied environment, useful for academic and
civilian purposes. For this work, the selected UAV model is an AR.Drone 1.0,
manufactured by the French company Parrot; however, the presented development
can be easily adapted to any UAV, with a good quality camera for image
acquisition.

This work proposes a digital image analysis for the generation of a point cloud,
both online and offline, in order to obtain a three dimensional model with scale
estimation, as well as the heightmap construction, exploitable for UAV autonomous
navigation. The paper is organized as follows: Sect. 2 describes the previous work
in three dimensional modeling, heightmap generation and the odometry and navi-
gation algorithms for the AR.Drone UAV; Sect. 3 describes the structure of the
proposed approach for the image analysis; Sect. 4 present the obtained experimental
results; Sect. 5 provides a data analysis and interpretation; and finally, Sect. 6
summarizes and presents some final conclusions.
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2 Previous Work

In this section, some relevant works on image-based 3D reconstruction and
heightmaps generation are presented.

2.1 Image-Based 3D Reconstruction

Some approaches, addressing the three dimensional reconstruction of the envi-
ronment from monocular images, have been published. Due to the complexity of
this task, many authors suggest the use of multiple sensors for this purpose [19] or
stereoscopic cameras [27] in order to obtain depth data from the images and discard
the monocular cameras as not suitable for 3D reconstruction [19]. There are also
some other approaches focused on Visual SLAM using an Extended Kalman Filter
(EKF) for the three dimensional reconstruction of facades, but with scale uncer-
tainty [6, 16]. For the approaches based on structure-from-motion (SfM) with a
single camera, the scene can be recovered, but only up to a scale, since the absolute
dimensions cannot be computed [21]. To solve the scale uncertainty, the presence
of a known reference in the scene must be assured, so the absolute scale can be
recovered from the relative dimensions of the reference in it. We propose to employ
a marker that could be easily detected by an algorithm for marker detection, such as
the method proposed by Garrido-Jurado et al. [8].

The offline 3D reconstruction problem from images has been successfully
addressed with algorithms like the Patch-based Multiview Stereo algorithm
(PMVS) [7] and the SfM approaches, such as A Contrario Structure from Motion
algorithm (ACSfM) [17], capable to provide a dense and highly detailed point
cloud. However, the required processing time for image matching and camera pose
computing is too high for real-time three dimensional reconstruction and, on the
other hand, the scale factor is also unknown.

2.2 Scale Estimation for Heightmaps

There exist several proposals when it comes to heightmap generation from aerial
images, but most of them are based on GPS data [1, 26] and stereoscopic cameras
[2] to get depth data. Weiss’s et al. [26] approach creates a three dimensional model
in real time after manually measuring the scale factor, however, only environments
with available GPS information are considered. Also, several robust feature
descriptors have been proposed for defining an object in a three dimensional space
[5, 15, 28], but most of them do not consider occlusions and cannot deal properly
with several instances of the same object in a scene.
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3 Proposed Approach

Simply put, the UAV, equipped with a monocular camera, must overfly an indoor
area or a GPS-denied terrain, while the proposed system analyses the images and
constructs a heightmap of the environment.

To define the path that the UAV must follow, we use the marker method pro-
posed by Garrido-Jurato et al. [8] for setting navigation checkpoints on the terrain,
assigning instructions for the UAV to each marker. The marker provides three
additional and useful advantages: first, the matrix of the camera pose can be esti-
mated in real-time, with relatively little computational cost overhead; second, the a
priori knowledge of the size of the marker allows us to find out the point cloud’s
scale factor; and third, the marker also sets the ground level of the scene, that is, the
XY plane used as reference for all the estimated heights.

For the point cloud generation, a real-time image analysis, based on the PMVS
algorithm [7], is used. The points of interest (POI) are the corners and the edges of
the image, obtained by the Harris’ algorithm [10] and the difference of gaussians
(DoG) [14] respectively. Each POI is modeled as a patch and can appear in more
than one image. When a new image is analysed, patches which are epipolar con-
sistent are merged, according to a photometric consistency criterium measured by
cross-correlation. The process works as follows: the images are analysed by blocks
of three images and a temporary point cloud is obtained, which is used to update the
general point cloud. In this way, the point cloud grows as the UAV advances
through the environment.

In order to precisely detect the marker within the scene, we use an adaptation of
the Tombari’s et al. [24] approach for object detection in a three dimensional space,
based in the voting procedure of the Hough Transform [11], adapted for 3D shapes.
In our approach, there are two point clouds to be compared: the actual modeled
environment, called scene, and the point cloud describing the marker, called model.
The total number of points in both clouds are counted and their normal vectors are
computed according to Khoshelman’s method et al. [12]. Then, a uniform sampling
is performed on both clouds in order to reduce them into small squares and
approximating every square by its centroid.

Afterward, the reduced clouds are described by SHOT descriptors, as depicted in
[23] and, by applying Euclidean distance, matching pairs among descriptors are
found. If a matching is found, the BOARD algorithm [18] assigns a local reference
frame (LRF) in order to make it rotational and translational invariant. Finally,
Hough voting is performed to create an histogram of orientations with all local
reference frames. A variable threshold defines the number of found point corre-
spondences, so it can be concluded whether the reference object (model) is present
within the scene or not. If the marker has been found, a search for its corners is
performed to measure it. The relative size in the point cloud and the absolute size of
the marker allow to solve the scale uncertainly and obtain a real metric 3D model of
the environment.
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The proposed approach has been implemented inC/C++ on aLinuxOS, structured
in two parts: the first for the control of the UAV and the reconstruction of the tem-
porary point cloud, the second for the global point cloud updating and the marker
searching. The complete schema of the proposed system is presented in Fig. 1.

As an additional feature, the system is capable of generating a 3D model from the
images, without a known marker, in an off-line procedure. This task is accomplished
with the ACSfM algorithm [17] which performs image matching based on the SIFT
algorithm [13] in order to compute the camera pose matrices for each image. Finally,
with the computed posematrices, the whole set of images is processedwith the PMVS
algoritm to generate the global point cloud of the environment.

4 Results

To validate the proposed approach, two distinct scenarios, with different sizes of
marker were used, (Fig. 2). For both scenarios, the resulting heightmaps are shown
in Fig. 6. Four known heights A, B, C and D were used as reference for computing

Fig. 1 Proposed approach for real-time 3D heightmap reconstruction

Fig. 2 Scenarios 1 and 2
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the estimation error (c.f. Fig. 2). A 14 × 14 cm maker was used in Scenario 1 and a
21 × 21 cm maker was used in Scenario 2 to evaluate the estimation error for
different marker sizes.

4.1 Real-Time 3D Modeling

A set containing 72 640 × 480 images was used to obtain the model shown in
Fig. 3. The growing process of the global point cloud is shown in Fig. 4. The Fig. 5
shows the relief of the 3D model.

4.2 Marker Detection and Heightmap Generation

Tables 1 and 2 show the estimated height and the error for real heights A, B, C and
D for each scenario respectively, with different threshold values for Hough voting
(Fig. 6).

Fig. 3 Example of the image data set used for the presented results
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Fig. 4 Real time reconstruction of the point cloud

Fig. 5 3D profile of the generated model

Table 1 Height estimation results for Scenario 1, with 14 cm marker

A (0.235 m) B (0.39 m) C (0.16 m) D (−0.14 m) Avg error (%) Threshold

0.2308 0.4046 0.1719 −0.1369 3.79 0.01

0.2645 0.4477 0.1952 −0.1523 14.53 0.015

0.3176 0.5474 0.2310 −0.1962 40.01 0.020
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4.3 Off-line 3D Modeling

The off-line 3D model generated from the same 72 640 × 480 images is shown in
Fig. 7.

5 Discussion

The results reported in Tables 1 and 2 are slightly different because not only the size
of the marker, but also the threshold in Hough voting affects the scale estimation
process. The image quality and resolution have a significant influence on the
camera pose estimation and on the marker detection in the point cloud. This lead us
to conclude that scale estimation relies on an accurate marker detection and, at the
same time, the precision for the camera pose matrix relies on the visual quality of
the marker. For autonomous navigation, 640 × 480 images provide a heightmap in
an adequate processing time, enough to accurate fulfill the established requirements
of the present work. In these scenarios, a processing time of 1.05 frames per second
on average was reached.

Table 2 Height estimation results for Scenario 2, with 21 cm marker

A (0.39 m) B (0.395 m) C (0.55 m) D (0.24 m) Avg error (%) Threshold

0.4195 0.4098 0.5645 0.2471 4.22 0.01

0.4261 0.4039 0.5707 0.2457 4.41 0.015

0.4329 0.4143 0.5814 0.2525 6.70 0.020

0.4398 0.4181 0.5777 0.2513 7.09 0.030

0.5171 0.4985 0.7001 0.3071 28.51 0.1

Fig. 6 Generated heightmap for Scenario 1 and 2, respectively
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The combination of a SfM algorithm for computing camera poses and a
patch-based point cloud generation algorithm provided an accurate, dense and
highly detailed 3D model in the off-line approach. For this case, the image set is
treated after the UAV has overflown the environment.

6 Conclusion

Based on the obtained results, it can be concluded that the generated 3D model is
comparable and even better, in terms of visual quality and processing time, when
compared to the previous works presented in Sect. 2, for both real-time and off-line
approaches, but including the global scale factor estimation. Also, the height esti-
mation errors are suitable and accurate enough for a safe autonomous navigation
through the environment. It is planned as future work to test the presented
framework with real aerial images to study how the environment and the altitude of

Fig. 7 Different perspectives of the obtained off-line 3D model
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the UAV affects the heightmap generation. Processing time reduction, heightmap
construction without artificial markers, UAV autonomous indoor navigation and
collaborative real-time 3D modeling are also considered.
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A Human-Machine Interface
with Unmanned Aerial Vehicles

D. Soto-Gerrero and J.-G. Ramrez-Torres

Abstract Many UAV applications rely on a ground-based computers to accom-
plish all processing tasks and the power consumed by such systems are a major
roadblock when it comes to portability. Since one of the main goals of this interface
is to be ubiquitous, we moved all computational load to a mobile device running
Android. On this paper we present an efficient and practical human-machine
interface with an unmanned aerial vehicle (UAV). The UAV can respond to both,
the movement and body gestures of the user.

Keywords Unmanned Aerial Vehicle (UAV) � Human-robot interaction � Gesture
recognition � Particle filter

1 Introduction

The interface proposed and described in this article contributes to what has been
observed in many social interactions between unmanned aerial vehicles (UAV) and
untrained personnel. This interface does not rely on any type of radio control
hardware to function, nor the user is required to know how to maneuver the UAV.
Technically, the software developed for this interface interprets what the user does
throughout a video stream and translate his actions to control commands. To run the
software we used a mobile device, because they already provide a more natural
interaction with their touch capabilities and they are overtaking personal computers
in common everyday tasks. Furthermore, we avoided distinguishable markers on
the user in order to keep the interaction as natural as possible.
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A previous study sustain that human-robot interaction research has ignored the
social and collocated aspects, which will impact in the future when autonomous
flying robots take a step forward in social activities [1]. They attempted to leave
behind the remote controlled interaction by using the Wizard of Oz technic: a test
subject performs gestures to the drone, while an unseen operator controls the UAV
wirelessly. They proved that children and grown-ups get emotionally attached to
the UAV, thinking of it, as an entity [2].

Among the recent research works on human-machine interaction with UAVs we
can cite a sports assistant from the University of Tokyo [3]. A UAV with a camera
on board, followed an athlete to provide what is described as external visual
imagery. Athletes no longer need to picture themselves from the perspective of an
external observer to evaluate their skills, strategies and game plans. All that
information is delivered by the drone to the athlete through a head mounted display.
They used a particle filter for tracking one color in the video stream, which cor-
responds to the user’s jacket color. Although their work is dependent to either a
laptop or a PC and that they didn’t describe their tracking algorithm’s implemen-
tation and performance, they successfully tested a UAV as a sports assistant,
although the external visual imagery made the athlete feel dizzy.

There are other approaches to achieve interaction between humans and UAVs
with significant use of computational power. For example, while achieving inter-
action with the a UAV, the user’s face and gestures can be tracked, although the
UAV reference frame has to be initialized before an actual flight can take place [4];
color markers on good lighting conditions can help distinguish all commands to
drive a swarm of UAVs [5]. Similar results can be obtained with a Kinect sensor
and its corresponding software libraries [6].

2 Human-UAV Interface

On this section we provide a description to our interface’s hardware, software and
control schemes. Essentially, the UAV reacts to user’s commands that it captures
through its on board camera; all commands are processed on one mobile device
holded by the user. The software is capable of estimating the user’s movements and
gestures throughout the video stream sent from the UAV (Fig. 1a); it also estimates
user’s position, relative to the drone, to control the aircraft and make it follow and
interpret user’s movements and gestures (Fig. 1b).

We used the Parrot’s AR-Drone, a WiFi controlled quadcopter, to develop this
interface. The communication is accomplished through UDP ports to send and
receive: control commands (UDP 5556) for maneuvering the drone, navigation data
(UDP 5555) that describe the current drone’s state and lastly, the video stream
(UDP 5554). As a mobile processing platform, we chose Asus’ Transformer Prime,
which featured the Tegra 3 processor, the world’s first quad core mobile processor
from NVIDIA. More on how we take advantage of the tablet’s architecture is
included in next section.
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We built from the ground-up an application named IHRVANT, which is a
multi-threaded application that initializes, attends and closes the communication
with the UAV. First four threads attend GUI, control commands, navigation data
and video stream reception, respectively (see Fig. 2). The video reception thread is
far more complex, because it manages all image processing threads, that represent
the tracking algorithm and gesture recognition functionality.

The video data stream is sent from the drone to the mobile device coded with
Universal Variable Length Code with the following features: YCbCr color space
subsampled 4:2:0, 8 × 8 DCT, resolution QVGA. Since we based our digital image
processing (DIP) techniques in the YCbCr color space, the decoder feeds directly all
color channels to DIP threads only if they are idle. With this strategy the video
stream is displayed flawlessly while DIP threads work on the latest accepted frame.
All parameters can be managed with controls available on IHRVANT’s interface.

Fig. 1 Interface description. a User, followed by the UAV. b Four possible scenarios

Fig. 2 Thread diagram for IHRVANT. Video stream reception thread decodes and process all
received frames
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3 Tracking Algorithm

This section describes how we manage to track the user’s upper body silhouette for
later classification and accomplish gesture recognition. In order to track user’s
upper body silhouette, we used the user’s jacket color as a marker, denoted by c�.
Knowing that the video decoder works with the YCbCr color space, we used the
chromatic channels (Cb;Cr) to define and track c�. Any given pixel from each frame
is to be segmented if the euclidian distance dð�Þ between its corresponding chro-
matic data c ¼ ðcb; crÞ to a reference c� ¼ ðc�b; c�r Þ is smaller than a threshold Tc
(See Eq. 1).

Csðx; yÞ ¼ 1 if d(cðx,y),c�Þ \Tc

0 if d(cðx,y),c�Þ [Tc

�
ð1Þ

Indeed, the size of each frame improved the segmentation performance in the
mobile platform. The luminance and chromatic channels are subsampled (Sect. 2),
which means the resolution for each channel are: Y channel is QVGA, while the Cb

and Cr channels are both QQVGA.
Additionaly, the luminance channel provided important contrast information,

gray tones segmented from the Y channel are meant to be within one fixed interval
½y� � 15; y� þ 15�, where y� represents the user’s jacket gray tone (Eq. 2). To adapt
to luminosity changes, y� is continuously updated with a rate of 1 Hz by
IHRVANT.

Ysðx; yÞ ¼ 1 if ðy� � 15Þ�Yðx,y)�ðy� þ 15Þ
0 Othterwise

�
ð2Þ

Last strategies mentioned for color and gray segmentation would easily lead to
non desirable false-positives. In other words, not all segmented pixels will neces-
sarily belong to the true user’s location on the video frame. To overcome this, while
adding resilience to partial occlusion, we fusioned the results from color segmented
areas with a particle filter.

There is a wide variety of tracking algorithms, among them, probabilistic
algorithms such as particle filters have been implemented for tracking color objects
[7, 8] and some have been implemented using AR-Drone’s front camera [3].
Particle filters estimate a variable’s distribution function using a set of weighted
samples (the particles) from previous variable’s observations. They work with a
weighted particle set Xt of size I, sampling based on each particle’s weight is what
makes this technique so relevant [9]. In this particular case, our observation process
corresponds to the coordinates in which our area of interest is located on each
frame. We achieved this by making all the particles track one specific color his-
togram using the Cb and Cr channels from the video stream. A color histogram can
be seen as a bidimensional table in which all pixels are categorized depending on its
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corresponding chroma values and n discrete intervals for each chroma channel,
giving a total of n2 bins.

The first important aspect of our implementation is how we defined each particle
as a square region Wi with side length l, centered in coordinates ðxt; ytÞ at time
t. The state vector for each particle is defined as xt ¼ ðxt; yt; xt�1; yt�1ÞT . Secondly,
the state transition distribution from which we sample variable’s a priori hypo-
thetical state ~xtþ1 does not require all previous observations. We assumed that the
object moves in uniform motion frame by frame, hence we only required the last
two observations xt�1 and xt; this is called a second order dynamic model (see
Eq. 3, vt �Nð0;rÞ) [10].

~xtþ1 ¼
2 0 �1 0
0 2 0 �1
1 0 0 0
0 1 0 0

0
BB@

1
CCAxt þ

1 0
0 1
0 0
0 0

0
BB@

1
CCAvt ð3Þ

The third relevant aspect is how we weighted all particles; we computed the
similarity between the normalized color histogram qt, taken from Wi, and a nor-
malized reference color histogram (q�) with the Bhattacharyya similarity coefficient
(Eq. 4). As noted by Pérez et al. [11], we also observed a consistent exponential
behavior for the squared distance D2, hence we used Eq. 5 for weighting all
particles (k ¼ 20). Later resampling with draw probability / pðxtþ1j~xtþ1; qtþ1Þ will
suffice to make all particles look as if they were bees looking for honey, all trying to
match the reference color histogram q�.

D½q�; qtðxt; ytÞ� ¼ 1�
XN
n¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q�ðnÞqtðxt; ytÞ

p" #1
2

ð4Þ

pðxtþ1j~xtþ1; ~qtþ1Þ / expð�kD2½q�; ~qtþ1�Þ ð5Þ

Finally, to fusion the color (Cs) and gray tone segmented (Ys) areas and particle
set Xt, we used morphological operations. We considered color segmented pixels
useful only if 3 or more Y pixels are lit, those are marked with green in Fig. 3c
After one dilation with structural element diamond (3 × 3), we overlayed all par-
ticles for applying the bush-fire algorithm using the particles as obstacles and the
free space as the color segmented areas [12] (Fig. 3e). We diminished all areas not
reached by fire (Fig. 3f) and by doing so, we eliminated all false-positives (shown in
Fig. 3e in green). Figure 4c shows how IHRVANT displays fusion results in blue,
segmented area’s centroid (Bc) and its boundary box (Bbb) in yellow. During normal
operation, the area in blue corresponds to the user’s position in the video frame and
represents his upper body silhouette, which we can classify to accomplish body
gestures interpretation.
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Fig. 3 Fusion of all DIP techniques. a Color segmentated area. b Gray tone segmented area.
c Fusion 3a and 3b. d Dilation and particles. e After brushfire. f Area of interest

Fig. 4 Histograms for classification. a All four gestures proved with IHRVANT. b Vertical and
horizontal histograms for gesture 4 and its complete normalized descriptor. c Silhouette
stabilization and successful classification while the drone is rotated around the roll axis
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4 Gesture Recognition

For classifying the user’s upper body silhouette, we use a normalized
histogram-based descriptor, which we reorientate based on the camera’s roll angle
estimated by the AR-Drone; by absorbing minor misleading rotations caused by
normal flight conditions, we greatly improved our descriptor’s certainty. To com-
pute our descriptor, the region of interest Bbb, is scaled and reorientated by the roll
angle into one fixed-size bitmap Bs (See Fig. 4c). B0

s width and height (ws and hs,
respectively) ought to follow human proportions. On our tests, a proportion equal to
ws : 2:5hs suffices to depict human’s upper body proportions when arms are hori-
zontal or close to the body. We first scales boundary box’s height (hbb) to match B0

s
(height scale factor s ¼ hbb=hs), while translating Bc to the center of Bs; then, we
rotate the scaled area according to the UAV’s roll state variable, using as pivot the
center of Bs. In Fig. 4c we show their corresponding Bs bitmap after scaling,
translating and rotating is done.

Our descriptor is based on normalized histograms, from Bs we obtain its vertical
and horizontal histograms, which in turn can be unified into one normalized his-
togram h (see Fig. 4b). The classifier is trained with the average of 31 samples of h,
taken 1.2 s apart from each other while the user holds his pose in front of the
UAV’s camera; the averaged histogram h� becomes the descriptor for the gesture
trained. With two or more trained gestures, the classifier starts measuring the square
error between any given descriptor against all available gestures using Eq. 6, in
other words, with two or more trained gestures, all Bs images are classified at the
same rate at which the segmentation process delivers its results, which is 14 times
per second. The gesture for which the error is minimum will be considered as the
best match. All errors computed are shown by IHRVANT as a bar graph, the
winner’s label is shown in red to the user (see Fig. 4c).

e ¼
XN
i¼1

ðh�i � hiÞ2 ð6Þ

IHRVANT supports up to four different gestures and it triggers one valid gesture
detection event if the upper-body silhouette is classified continuously for one and a
half seconds i.e. the descriptor of the gesture has been classified 21 consecutive
times as either one of the available gestures. Figure 4a shows all four tested
gestures.

5 Control

In Fig. 5 we show AR-Drone’s flight altitude relative to the ground (g) and the three
fixed axis that are used to describe any aircraft’s pose on air. For each of these
references there is one control variable we can modify to govern the AR-Drone.
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If we modify the variable related to the roll axis, we make the AR-Drone go
sideways, the pitch variable will make it go forward or backwards, the yaw variable
will make it spin and the altitude variable will make it go up and down.

For each variable just mentioned, we used a closed loop PID control scheme. We
used the estimated flight altitude we were receiving from the drone as input to the
altitude’s controller. From the tracking algorithm (Sect. 3) we obtain the user’s
segmented area, boundary box dimensions and its centroid, from which we can
estimate the user’s position relative to the drone. In Fig. 5 a gray rectangle describes
the possible user’s position with a gray area and the distance from its centroid to the
video frame’s center (r), this result is used as input to the controller for the yaw axis.
Figure 5 shows two gray areas with a different height with l\h, they illustrate that
the closer the user is to the drone, the bigger h becomes. The distance d serves as
input to the PID controller for UAV’s pitch axis.

6 Results

The reader is welcome to watch a video on YouTube named “IHRVANT”,1 it
shows how the UAV follows the user and reacts to body gestures; it also includes
one link to another video showing how we used the tablet’s touch capabilities to
initialize all segmentation processes. Since our tracking algorithm is working along

Fig. 5 Control scheme

1Look for this video in the uploaded videos section available on one of the author's YouTube
channel: http://www.youtube.com/danielsoto888.
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side the video decoder, we reached more than sufficient performance. Consider that
the UAV sends the video at 18 FPS; color and gray tone segmentation: 14 FPS,
Particle filter (I ¼ 200; l ¼ 7; n ¼ 4) 7 FPS, after the fusion of all results, we
reached an overall 14 FPS. The control loop for all four flight variables (Sect. 5) is
updated for every computed frame at the same rate the segmentation process
delivers one frame (14 Hz). In gesture classification, trying with roll angles in the
[0°, 15°] range, we measured our classifier performance statistically. By measuring
the proportion of actual positives correctly identified, we reached a sensitivity of
89 %. In the other hand, by measuring the proportion of actual negatives identified
as such, we reached a specificity of 90 %. It is worth mentioning that we didn’t use
architecture’s specific instructions to achieve this performance, including NEON
instructions nor GPU capabilities.

7 Conclusion

We presented a feasible implementation of a portable Human Machine Interface
with an UAV. Capable of successfully tracking the user indoors throughout the
video stream without many light restrictions and a dynamically changing back-
ground; we also showed how to accomplish a vision based control system in most
recent portable devices, capable of autonomously drive the UAV without the need
of high performance computing. The AR-drone is not able to carry any significant
additional payload and that made impossible for us to add exteroceptive sensors
onboard the drone, that has become part of our future job. Our main effort is with
the idea that sooner or later, robots will take a step forward into our everyday social
interaction.
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Design and Simulation of Robot
Manipulator Position Control System
Based on Adaptive Fuzzy PID Controller

F.Z. Baghli and L. El Bakkali

Abstract The problem of manipulator control is a highly complex problem of
controlling a system wich is multi-input multi-output, non linear and time variant.
In this paper we present a new approach for a robot manipulator with two degrees
of freedom based on the intelligent adaptive fuzzy PID, Parameters which guide the
functioning of Proportional Integral Derivative controller are dynamically adjusted
with the assistance of fuzzy control to ensure the position robot control strategy, the
proposed control scheme is based on nonlinear dynamic model derived using
Lagrange-Euler formulation. Our robot manipulator’s simulated in Matlab Simulink
environment, the results obtained present the efficiency and the robustness of the
proposed control with good performances compared with the classical PID.

Keywords Robot manipulator � Fuzzy logic � PID � Adaptive fuzzy PID

1 Introduction

Research on the dynamic modeling and control of the arms manipulators has
received increased attention since the last years due to their advantages, this system
is a mechanical system multi-articulated, in which each articulation is driven
individually by an electric actuator is the most robot used in industry, this system
need an efficient control strategy.

A robot manipulator is a high-speed process that is highly nonlinear, dynami-
cally coupled and often it is not adequate to use linear servo control, if accurate
performance in high bandwidth operations is desired. Many efforts have been made
in developing control scheme to achieve the precise tracking control of robot
manipulators [1–3].
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The traditional PID controller with simple structure and stable performance is
widely used. But it is difficult to meet the high precision and fast response,
moreover the parameters tuning of classical PID controller is so complex [4].
Therefore fuzzy algorithm is introduced. Fuzzy control is a particular type of
intelligent control, has a great potential since it is able to compensate for the
uncertain nonlinear dynamics using the programming capability of human control
behavior. The main features of fuzzy control is that a control knowledge base is
available within the controller and control actions are generated by applying
existing conditions or data to the knowledge base, making us of inference mech-
anism [2, 5]. Also, the knowledge base and inference mechanism can handle no
crisp, incomplete information; the knowledge itself will improve and evolve
through learning and past experience [2].

Fuzzy logic control does not require a conventional model of the process,
whereas most conventional techniques require either an analytical model or an
experimental model. Fuzzy logic control is particularly suitable for complex and
ill-defined process in which analytical modeling is difficult due to the fact that the
process is not completely known and experimental model identification is not
feasible because the required inputs and output of the process may not be mea-
surable [5].

In this work after the system modeling, simulation and control robot manipulator
using two articulations for motion using MatLab/Simulink software were carried,
when the proposed Adaptive Fuzzy PID controlled is used to improve the articu-
lation robot stability. Two types of control PID and Fuzzy PID were studied;
analysis and comparative studies were made.

The reminder paper was structured as follow: the robot modeling is presented in
second part of this paper, in the third part of this paper Intelligent Fuzzy PID is
detailed, the results discussion are presented in the last part of this paper and finally
conclusion was given.

2 Intelligent Fuzzy PID Controller

Fuzzy controllers have been widely applied to industrial process. Especially, fuzzy
controllers are effective techniques when either the mathematical model of the
system is nonlinear or not the mathematical model exists. In this paper, the fuzzy
control system adjusts the parameter of the PID control by the fuzzy rule.
Dependent on the state of the system. The adaptive PID realized is no more a linear
regulator according to this principle. In most of these studies, the Fuzzy controller
used to drive the PID is defined by the authors from a series of experiments [6–9].
The frame of the fuzzy adaptive PID controller is illustrated in Fig. 1.
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2.1 Fuzzy Inference System

The fuzzy inference system has been considered the min-max method (Mamdani),
where the implication has been assumed to min and the aggregation has been
considered to max. In addition, the Defuzzification method has been considered to
the centroid method.

2.2 Input and Output Variables

The position control of the robot arm manipulator requires two fuzzy PID con-
trollers (fuzzy PID1 applied to the first joint and fuzzy PID2 applied to the second
joint). Where two inputs and three outputs have been considered for the fuzzy
PID1, same thing for fuzzy PID2. The two inputs are e (position error), de (velocity
error) for the first and second controller. The output variables are the proportional
gain Kpi, the integral gain Kii, the derivative gain Kdi (i = 1, 2).

2.3 Membership Function

In the proposed fuzzy PID control (1 or 2), a seven-term set {negative big (NB),
negative middle (NM), negative small (NS), zero (ZE), positive small (PS), positive
middle (PM) positive big (PB)} is applied to defining input and output linguistic
variable.

The system structure of Fuzzy PID controller are shown in Fig. 2.
The membership function for outputs variables illustrated in Fig. 3 where the

domain of gain Kpi, Kii, Kdi are set by {−0.3 −0.2 −0.1 0 0.1 0.2 0.3};{−0.06 −0.04
−0.02 0 0.06 0.04 0.02};{−3 −2 −1 0 1 2 3}.
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System FuzzyPID (Arm): 2 inputs, 3 outputs, 49 rules

e (7)

de (7)

Kp (7)

Ki (7)

Kd (7)

FuzzyPID (Arm)

(mamdani)
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Fig. 2 Structure of Fuzzy PID controller
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2.4 Fuzzy Rules-Base

Building fuzzy logic rule is the key step in the improvement of system performance,
which directly affects the quality control system. In this paper, fuzzy control rules
are designed with these tune principles as follows:

While error is large, control variable should try to reduce error.
While error is small, the stability of system should be considered, besides

eliminating the error (Tables 1, 2, 3 and 4).

Table 1 Effects of increasing a parameter independently

Parameter Rise time Overshoot Settling time Steady state error

Kpi " Decrease Increase Small change Decrease

Kii " Decrease Increase Increase Eliminate

Kdi " Minor change Decrease Decrease −

Table 2 The fuzzy rule base for Kpi

Kpi De

NB NM NS ZO PS PM PB

e NB PB PB PM PM PS ZO ZO

NM PB PB PM PS PS ZO ZO

NS PM PM PM PM ZO ZO NS

ZO PM PM PS ZO NS NS NM

PS PS PS ZO NS NS NM NM

PM PS ZO NS NM NM NM NB

PB ZO ZO NM NM NM NB NB

Table 3 The fuzzy rule base for Kii

Kii De

NB NM NS ZO PS PM PB

e NB NB NB NM NM NS ZO ZO

NM NB NB NM NS NS ZO ZO

NS NB NM NS NS ZO PS PS

ZO NM NM NS ZO PS PM PM

PS NM NS ZO PS PS PM PB

PM ZO ZO PS PS PM PB PB

PB ZO ZO PS PM PM PB PB
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These tune principles we permit to create the fuzzy rule-base forKpi,Kii,Kdi, These
rules can be written in the format of IF-THEN as follows (there are total 49 rules):

1. If (e is NB) and (de is NB), then (Kpi is PB) (Kii is NB) Kdi (is PS);
2. ………

49. If (e is PB) and (de is PB), then (Kpi in NB) (Kii is PB) (Kdi is PB).

3 Simulation

SISO control based on classical PID model and intelligent control based on
Fuzzy PID model were tested to sinus response trajectory. This simulation applied
to two degrees of freedom robot arm was implemented in Matlab/Simulink. Position
error are compared in these controllers.

Figures (4, 5, 6, and 7) are shown error performance, by comparing position
error for the first and second link. The FLC PID Control ensure the robot manip-
ulator’s stability by maintaining the error position equal to zero (e1 ¼ e2 ¼ 0) so
PID (i)’s error position is respectively higher than FLC PID (i) where (i = 1, 2).

Table 4 The fuzzy rule base for Kdi

Kdi De

NB NM NS ZO PS PM PB

e NB PS NS NB NB NB NM PS

NM PS NS NB NB NB NM PS

NS ZO NS NM NM NS NS ZO

ZO ZO NS NS NS NS NS ZO

PS ZO ZO ZO ZO ZO ZO ZO

PM PB NS PS PS PS PS PB

PB PB PM PM PM PS PS PB
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4 Conclusion

In this present work an arm manipulator robot using two degree of freedom was
controlled using two types of controls strategies, SISO control based on classical
PID model and intelligent adaptive Fuzzy PID, this last one present maximum
control structure of our control model and give more and more efficiency for the
robot model with more position stability and good dynamical performances with no
overshoot so industrials would take into account the efficiency of the developing
control model for the futures two freedom robot design considerations.
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Generating the Optimum Dynamic
Trajectory of a Hybrid Cable-Serial Robot

M. Ismail, S. Lahouar and L. Romdhane

Abstract In this work, a geometric path planner and a dynamic controller are
designed for a hybrid cable serial robot. The shortest path between two positions in
presence of obstacles, is found using a geometric path planner then a dynamic joint
space controller finds the fastest way to reach the goal while ensuring that cables
tensions stay positive. The goal of this controller is to maintain the tensions in the
cables in a bounded interval between a minimum and a maximum value. By lim-
iting the maximum acceleration of the different links, the controller ensures that the
tensions stay within an allowable range. However, these constraints limit the
maximum speed reachable by the robot, and the controller tries to find the fastest
solution, which minimizes the total elapsed time while respecting the constraints. In
conclusion, the trajectory planner finds the shortest path and the dynamic controller
finds the minimum total elapsed time for this path.

Keywords Hybrid serial cable robot � Total elapsed time � Optimization
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1 Introduction

Recently, several hybrid cable-serial robots can be found in the literature, see for
example [1–4]. The multi-body (serial part) motion is provided through cables
pulling on the end-effector, instead of using rotary actuators mounted in the joints.
Removing the actuators from the joints yields a robot with lower moving inertia.
This property makes hybrid cable robots more attractive in terms of dynamic
capability, achieving complex motions. One promising application of these robots
is medical rehabilitation where the use of the serial linkage provides many desirable
advantages compared to traditional cable robot like, improved accuracy, moment
resistance at the end effector, reduced out of pane compliance. These robots are
relatively new and controlling them should take into consideration dynamics and
cable tensions. There are few works taking into account these aspects.

In this article we consider dynamics, cable tensions, obstacle avoidance and time
minimization all in an integrated method.

The robot used in this work is a hybrid (serial/cable), planar, under constrained
and fully actuated (see Fig. 1). It has two degrees of freedom, and it moves in a
vertical plane. The robot includes a serial support composed of two passive links. It
acts, due to its weight. The end-effector (point M) is manipulated by two cables
attached to the tensioning actuators.

Fig. 1 The studied hybrid serial cable robot
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This hybrid structure provides unique features like, high payload to weight ratio,
a relatively large workspace, a reduced out of plane compliance, a moment resis-
tance at the end effector, reduced tracking errors generally induced by cable
elasticity.

The geometric parameters of the system are defined in Fig. 1. The serial
manipulator is characterized by the following parameters:

Serial robot Link 1 Link 2

Length OA = l1 AM = l2
Mass m1 m2

Inertia J1 J2
Joint parameters

q ¼ q1
q2

� �

End-effector position
x ¼ x1

x2

� �

Link1Center of gravity
xg1 ¼ xg11

xg12

� �

Link2Center of gravity
xg2 ¼ xg21

xg22

� �

Inertia of the pulleys and motors 1 and 2
j ¼ j1

j2

� �

Pulleys viscous friction c
Pulley radius r

mass of the end effector m

Inertia of the end effector j

Cable robot Cable 1 Cable 2

Length M1M = L1 M2M = L2
Tension T1 T2
Orientation h1 h2
Actuator angles b1 b2
Location OM1 =

Lb
2 OM2 =

Lb
2

The paper is organized as follows: Sect. 2 introduces the method used to gen-
erate collision free dynamically feasible trajectories. Section 3 contains the obtained
results. Some concluding remarks are presented in Sect. 4.
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2 Collision Free Dynamically Feasible Trajectory
Planning Algorithm

Interaction between different parts of the algorithm is explained in Fig. 2. Given the
geometry, the obstacles, the initial position and the final position a trajectory is
generated using a path planner.

The controller computes inverse kinematics and torques to be applied to the
robot.

These torques are applied to the robot’s dynamic model via a numerical solver
that gives the final trajectory. An algorithm verifies that cable tensions are within a
feasible region. This algorithm is used in order to minimize the total elapsed time.

2.1 The Shortest Collision-Free Trajectory

Collision free trajectory is generated using a path planning algorithm dedicated for
cable robots [5]. This algorithm is based on the switch between two modes depth
mode and width mode as shown in Fig. 3.

As described in Fig. 3, only the collisions with the end effector are considered. In
fact it is not practical to check all the collisions with the cable and the serial
manipulator because the reachable workspace region will be greatly reduced.
Furthermore, one can loop throw all the positions occupied by the serial support and
the cables for each pose and still be able to use this same technique.

Fig. 2 The controller scheme
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To achieve smooth trajectory planning witch is needed to unsure velocity and
acceleration derivability, Spline interpolation is used.

2.2 Robot Dynamics

Using the Lagrange formulation, the equation of motion of the robot can be written
as follows:

M qð Þ q:: ¼ N q; _qð Þ þ P qð Þ þ JT qð ÞS hð ÞT ð1Þ

where M is the generalized mass (2 × 2) matrix of the robot, N is the (2 × 1) vector
containing the centrifugal and Coriolis forces, P is the (2 × 1) gravitational force
vector, J is the Jacobian matrix of the robot and JTðqÞSðhÞT is the projection of
cable tensions T in the frame R0.

2.3 Total Elapsed Time

For each cable the chosen velocity during the trajectory has a trapezoidal profile as
shown in Fig. 4.

In the case of a trapezoidal speed profile minimizing total elapsed time while
keeping cables tensions in a bounded interval can be formulated as:

objective function:

Minas;ai;Vlim ttran as; ai;Vlimð Þ ¼ DX

Vlim
þ Vlim

2

� �
� 1

as
þ 1
ai

� �
ð2Þ

Fig. 3 Collision free trajectory
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Subject to:

�
Z

S hð Þ�1�JT qð Þ�1 M qð Þ q:: �N q; _qð Þ � P qð Þð Þdq� 0

Z
ðSðhÞ�1JTðqÞ�1 M qð Þ q:: �Nðq; _qÞ � P qð Þð Þ � TmaxÞdq� 0 ð3Þ

�Vlim� 0;�as� 0;�ai� 0

8 q; q; q:: during all the trajectory.
This approach is not limited to a trapezoidal profile. It can be applied to any

given trajectory or velocity profile.

2.4 Verification Algorithm

The algorithm of Fig. 5 gives the sum error during the track of a given trajectory
using the values Vlim, as and ai.

The optimization scheme is shown in Fig. 6.

3 Results

Given a task in Fig. 7, the end effector of the robot has to move from the upper
position A to the lower position B while avoiding the obstacles. We consider in this
figure that the obstacles are in the plane of the effector but not in the plane of the
serial links. Thus there is no collision between the obstacles and the serial links.

Fig. 4 Velocity profile
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Fig. 5 Verification algorithm
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Figure 8 shows the obtained results, where cables are in red, the passive serial
part is in blue and the trajectory is in green.

Figure 9 shows position tracking given by the controller. In blue the desired
position and in red the real position of the robot.

Figure 10 shows that the cable tensions are within the desired interval.

Fig. 6 Optimization process
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4 Conclusion

In this work, the problem of dynamic path planning for a hybrid cable serial robot
has been addressed. The proposed approach starts by generating the shortest geo-
metric obstacle-free path, followed by a dynamic path tracker. During this phase,
the trajectory is tracked using the maximum velocity and acceleration, while
keeping the tensions in the cables within an acceptable range. The objective is to
reduce the total elapsed time from the initial to the final position. The obtained
results show the efficiency of the method to find the shortest and the fastest path
between two given positions.
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An Integrated Software Package
for Advanced Industrial Robot
Applications

C. Liang, H. Yan, R. Li, I.-M. Chen, M.H. Ang Jr. and Z. Huang

Abstract This paper introduces an integrated robot software package for advanced
industrial robot applications with the aims to make industrial robots
easy-to-operation, easy-to-programming, much more flexible with advanced capa-
bilities. This software package is developed based on ROS (Robot Operation
System) middleware and ROS-Industrial open source packages by integrating
different function modules. The module design implementation of a graphic user
interface, visual programming, intermediate robot language and simulation envi-
ronment are presented. Utility and flexibility of the software package are evaluated
through two experiment demos: automated robot bin-picking and automated robot
3d object taping, which has a potential to be used for a wide of robot applications.

Keywords Industrial robot � Robot software development � Robot bin-picking �
Robot taping

1 Introduction

For more than 30 years, industrial robots have been widely used for material
handling, welding and dispensing in automobile industry, which are cost-effective
for a high-volume and repetitive tasks [1]. However, low-volume, high-mixed parts
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production are the characteristics for next-generation manufacturing. Thus, smarter,
faster and more flexible industrial robots are required. Advanced capabilities like
real-time collision avoidance, mobile manipulation, 3d perception enabled path
planning and grasp planning are preferred for accomplishing particular tasks that
have never done before. These requirements greatly challenge capabilities of tra-
dition industrial robots in both hardware and software aspects [2].

To meet these challenges for future markets, robot manufactures are developing
next-generation robots with more advanced capabilities for different application
areas. There are several commercial products available in the market. The KUKA
LBR lightweight robot is a torque controlled 7 d.o.f.s (degrees of freedom) robot
manipulator with intrinsic safety, which has been widely used in academic labo-
ratories for research purposes [3]. ABB Frida® is a dual-arm industry robot for
small parts assembly tasks in 3C industries (Computers, Communications and
Consumer electronics). This robot is capable of working side by side with human
workers [4]. A Danish robot company Universal Robots provides UR5 and UR10
light weight robots, which have a wide application in both research fields and
practical industry applications [5]. Additionally, Nextage-Open is dual-arm indus-
trial humanoid robot developed by Kawada industry Co. Ltd in Japan. About 150
units are currently working in factories together with human workers [6].

There are also many efforts on the development of robot software [7].
A comparison of robotic middleware is presented in [8]. ROS (Robot Operating
System) is being used extensively by the research community for service robotics
[9]. In particular, ROS has been applied to industrial robotics through
ROS-Industrial, which is an open-source project that extends the advanced capa-
bilities of ROS software to manufacturing, which contains libraries, tools and
drivers for industrial hardware [10]. However, this software package is still for
experienced developers. It takes a long time to build a robot application. A Japanese
startup company Mujin released the Mujin controller, which claims it is the world’s
first commercial industrial robot motion controller for real-time applications like
bin-picking and multi-robot manipulation planning. Mujin is capable of connecting
with several different industrial robots to enhance their capabilities [11].

In this paper, a software package is introduced for advanced industrial robot
applications. This software package is developed as a part of RADOE (Robot
Application and Operating Environment) work package in the Singapore A*STAR
industrial robotics research program. The rest of this paper is organized as follows:
In Sect. 2, an architecture design of the software package is proposed. Functions of
each module are briefly described. In Sect. 3, software modules design imple-
mentation issues are addressed in terms of simulations, graphic interface and visual
programming, intermediate robot language, program manager and system integra-
tion. In Sect. 4, an automated robot bin-picking application and an automated robot
3d object taping application are demonstrated to evaluate practical operation per-
formances of the software package.
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2 Architecture Design

Figure 1 shows a scheme of the integrated software package architecture for
advanced industrial robot applications, which consists of six modules. Functions of
each module can be described in the following:

(1) Simulation module is used to test developed control algorithms and for
operation performances evaluation purposes. Simulation saves a lot of testing
time for a complex system before the software deploying on a real robot. In
particular, robot and devices can be conveniently enabled or disabled by
configure macro parameters for a hardware in the loop simulation.

(2) Intermediate Robot Language (IRL) module is to describe a task that can be
implemented on different robotics platform. IRL releases people from man-
aging different robot programs in different languages that depend on manu-
factures’. It also reduces the effort required to plan, apply and maintain core
robotic programming techniques, saving time and money.

(3) Advanced capabilities module is a cluster of open source software packages
available from robotics research community. This module takes advantages of
other people’s work and advanced capabilities for industrial robot applications
thus can be easily integrated.

(4) Interface module consists of two sub-modules: comparing with tedious manual
creates ROS components and coding, visual programming tool is to specify
programs by manipulating function modules. It allows access to software
libraries for rapid robot application development with appropriate APIs
(Application Programming Interfaces). Visual user interface sub-module is
used to configure the programming and operation environment, setting envi-
ronment variables, as well as for parameters tuning purposes.

Fig. 1 A scheme illustrates an architecture design of the integrated software package
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(5) Driver library module contains two sub-libraries. One library includes device
drivers for communicating and control of a variety of robots. In general, robot
manufactures provide these ROS compatible robot hardware drivers. Another
library is the device drivers for peripherals (such as conveyors, mobile bases,
rotary tables, etc.), actuators and sensors.

(6) Program manager module is the core of whole software package, which is
responsible for setting up the whole program through parameters configuration
files. It monitors operation sequence of each sub-module and plays a role of
error recovering. In addition, program manager integrates other modules
during the software package implementations.

3 Module Implementation

3.1 Simulation Module

Simulation module is developed based on Rviz and Gazebo in ROS environment.
Rviz (ROS visualization) is used for displaying a virtual model of the industrial
robot and live representations of sensor values coming over ROS Topics including
camera data, laser scanner point cloud data and etc. Gazebo is a dynamic simulation
environment, which can communicate with simulation interface via Gazebo-ROS
API plugging. A library of robot models is included in the simulation module.
Robot model are described in URDF (Unified Robot definition format) files. URDF
files can be converted to SDF files via the use of XACRO for Gazebo simulations.

3.2 Intermediate Robot Language

Intermediate Robot Language (IRL) module enables users to conveniently program
and design robotic applications in a generic and scalable way. The proposed IRL is
completely independent to any robot manufactures’ language. Development of the
IRL commence in conjunction with the simulation platform. An IRL program
consists of three components: .dat file-contains robot set up and target data;.prog
file-contains individual robot programs; .task file-contains task level commands (for
example call robot programs, timing, robot I/O etc.) These files can be individually
categorised within an xml file as shown in Fig. 2.

3.3 Graphical Interface and Visual Programming

A user-friendly graphical interface and visual programming tool are created in C++
using QT creator. Visual programming tool allows a user to drag and drop different
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components onto canvas from a library. Each component is a ROS launch file and
the connections between components represent ROS messages being passed
through ROS topics. The output of the visual programming tool is automatically
created ROS launch files with parameters, “remap”-ing and dependencies. This
module has following functions:

(1) Creating, saving, loading project files on a graphical interface
(2) Adding components such as motion planning and grasping planning
(3) Run simulations through corresponding launch files
(4) Ability to drill down into a module to see the various sub-components and

rewire them as necessary
(5) Auto-populating all launch files available in a build ROS package

3.4 Program Manager and Integration

Program manager module bridges communications between different sub-modules
by using ROS topics, services and actions. For each sub-module, different message
types are created on the base of existing ROS messages format. These messages
communication are base on the publishing and subscribing mechanism, which can

Fig. 2 An example xml file illustrates the intermediate robot language file structure
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be defined in ROS msg files. For services and actions, message types are defined in
.srv and .action files, respectively.

In particular, two messages ‘ErrorHandle.msg’ and ‘ModuleState.msg’ are
defined. When an error in one sub-module occurs, error message is published
through ‘ErrorHandle.msg’ for error recovering purposes. As for ‘ModuleState.
msg’, it is published repeatedly in every 1 s in order to monitor the running status of
each sub module. In addition, configuration parameters for each sub-module are
stored in.xml files, which are included in launch files. Each sub-module runs as a
node in ROS environment.

4 Example Demos

Two experiment demos have been built in the laboratory to evaluate operation
performances of the developed software package. One demo is an automated robot
bin-picking system with aims to pick different shaped items from a stationed shelf
according to a wish list. This demo demonstrates an advanced capability of an
industrial robot by integrating 3d object recognition, real-time obstacles avoidance
motion planning, grasping and task planning. The second demo is an automated
robot 3d object taping system. This demo aims to show flexibility of the software
package, which is capable of generating and executing a taping motion trajectory
after receiving point clouds data of a scanned 3d object.

4.1 Demo I: Automated Robot Bin-Picking

Picking and placing is one of the most common tasks for traditional industrial
robots. In general, the robot is programmed to perform repetitive picking for a
high-volume object with similar shapes in a simple constructed environment.
Automated picking of different shaped objects in a cluttered environment is still
very challenge for traditional industrial robots. Figure 3a shows an experiment
setup of the automated robot items picking system, which is composed of a UR5
lightweight robot manipulator, a versatile robot gripper, a Kinect 3d sensor and a
shelf with different shaped grocery products. One challenge is automatic recogni-
tion of the target object, thus a library including RGB and depth images, 3d point
clouds model of all candidate objects are built. In the experiment, the robot is
capable of generating a collision avoidance path and deploying a suitable grasping
strategy to pick up the object.

Figure 3b shows a snapshot of the simulation. Collision avoidance motion plan-
ning algorithm and tasking planning strategy can be tested with real streaming data
from Kinect sensor, which saves a lot of time for testing. Figure 4 shows snapshots of
experiment tests for a bin-picking movement. The robot manipulator successfully
picks a yellow-duck-bath-toy for one shelf bin and places it to an order bin.
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4.2 Demo II: Automated Robot 3d Object Taping

Another experiment demo is the automated robot 3d object taping as shown in
Fig. 5a. The automated taping system is composed of a UR10 lightweight robot
manipulator, a taping mechanism mounted on the robot end-effector, a Kinect 3d
sensor and a rotation platform. A 3d model of the tapped object can be obtained by
receiving scanned data from Kinect sensor. Figure 5b shows an example 3d model
of the scanned object. A motion planning algorithm is used to generate a motion
trajectory on the surface of the tapped object. In particular, the 3d model scanning
algorithm has been built in the software package so that it is capable of taping
different objects in a very short of setup time. Furthermore, taping movement can be
simulated in a simulation environment to evaluated prescribed taping velocity and
dimension of overlap between each layer.

Figure 6 shows snapshots of the robot taping experimental test. It can be noted
that tape is pressed on the object surface. The compliance of the taping mechanism
maintains certain of taping force. In the taping procedure, the robot moves up-down

(a) (b)
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UR5 Robot 

Order container 

Shelf 

Gripper 
items

Point clouds 

RGB  images
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Robot 

Kinect sensor 

Fig. 3 Automated robot picking demo: a an experiment setup; b a snapshot of the simulation

t=0s t=10s t=20s t=30s t=40s 

Fig. 4 Snapshots of experiment test for picking an object from the shelf
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and keeps taping mechanism head normal to the object surface. The motion of
rotation platform is synchronized with robot to ensure a good quality taping. Tapes
are taped on the object surface for with prescribed velocity and overlap.

5 Conclusions

This paper introduces an integrated software package for advanced industrial robot
applications. The open architecture of this software package makes it is very easy
and flexible to integrate high-level robotic software modules and high value-added
robot software library for diversified industrial robotic applications. Advantages of
deploying this software package in industrial robots can be summarized as
easy-to-use, easy-to-programming, and flexible with advanced capabilities. From
two experiment demos, utility and flexibility of the developed software package are
evaluated. This integrated software package has the potential for a wide of indus-
trial robot applications.

(a) (b)

Kinect sensorTaping mechanismUR10 robot 

Rotation platform

3D model

Fig. 5 Automated robot taping demo: a an experiment setup; b 3d models of the taped object

t=0s t=10s t=20s 

s04=ts03=t t=50s 

Fig. 6 Snapshots of experimental test for an automated robot taping
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A Method for the Approximation
of the Multiple IK Solutions of Regular
Manipulators Based on the Uniqueness
Domains and Using MLP

Vassilis C. Moulianitis, Evgenios M. Kokkinopoulos
and Nikos A. Aspragathos

Abstract In this paper, a method for dividing the training data as well as training
MLP systems to obtain the multiple solutions of IKP of regular manipulators is
presented. The sets of training data for each system are strictly defined using the
concept of uniqueness domains. The training data are obtained by the forward
kinematics and the sign of the determinant of the manipulator Jacobian is used for
the determination of the uniqueness domains. An illustrative example with a 3 dof
robot with known IK solutions is presented for the verification of the proposed
approach.

Keywords Inverse kinematics � Multiple solutions � MLP � Regular manipulators

1 Introduction

The kinematics of an open-chain manipulator are modeled by a set of non-linear
and transcendental equations, expressing the map of the configuration space to
Cartesian space. Generally, the inverse kinematic problem (IKP) has multiple
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solution; it is a difficult problem and its solvability depends on the anatomic
characteristics of the robotic manipulator.

A variety of methods including analytic, numerical or based on soft computing
have been developed to solve the IKP. In [6], the constraints of the structural
parameters, concerning the distance and orientation between consecutive joint axes
of the manipulator, that give closed-form solutions of IKP were investigated.

Among the numerical methods, the polynomial continuation, the Groebner
Bases technique as well as the ones based on the methods were presented [7].
However, these methods are vunerable to local optimums, and time consuming. An
evolutionary approach together with two niching strategies for finding all the IKP
solutions [4], and another with adaptive niching and clustering [10] were presented.
Both methods are based on the direct kinematics of the robot, however these
methods can be used only for off-line processing.

Neuro-fuzzy techniques [5, 9] solved simple manipulators and provided only
one solution to the IKP. An algorithm [8] which used radial basis function networks
and two fuzzy logic methods to determine all the solutions of the IKP was pre-
sented. The training data were distinguished manually based on prior knowledge of
the multiple configurations corresponding to a given pose of the robot. However,
the manipulator anatomies used made the division of training data easier, since the
robot used had known inverse kinematics solution and the simple anatomy pf the
manipulators made easy to distinguish the multiplicity of configurations (e.g.
above-below, left-right).

A method proposed [1] for speeding up the learning of robot kinematics by
decomposition of the manipulator into two or more virtual robot arms and by the
reduction of the number of training samples.

To our knowledge, there is no presented method or technique based on soft
computing that could be used to find all the solutions of the IKP and to be on-line
applicable.

In this paper, a method for approximating all the solutions for the IKP using
Multilayer Perceptron systems is proposed. This method is based on the forward
kinematic to obtain the training data so it could be used to resolve the IKP of any
regular robot. The training data set is divided into subsets called uniqueness
domains, corresponding to each solution. Since each solution of the IKP is located
in a uniqueness domain and they are separated by the singularity locus then a
change of posture implies passing through a singularity. This division is derived by
using the singularity locus determined by the sign change of the manipulator
Jacobian determinant.

Current robots are designed in a limited number of structure types in order to
obtain analytical solutions. A generic approach for the accurate approximation of all
the IK solutions opens a wide search space for new robot structures either modular
metamorphic or fixed towards reconfigurable manufacturing systems.
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2 Problem Definition

In this paper, MLP systems will be used to approximate all the solutions of the IKP
only for regular manipulators. A systematic and generic approach is proposed for
the structure of the system approximating all the solutions. The most important part
for the structure of the proposed approximator of the IK solutions, is the appropriate
division of the training data to subsets corresponding to each IK solution. The
proposed division is based on the knowledge considering the division of the con-
figuration space in uniqueness domains [11], which is equal to the number of IK
solutions. Therefore the proposed structure of the IK approximator includes the
m� n number of MLP systems where n (n� 6) is the number of DoF and m the
number of uniqueness domains. For a general 6 DoF manipulator there are 96 MLP
systems at maximum that must be trained since the maximum number of solutions
are sixteen [6].

In the following a technique is proposed for the determination of the uniqueness
domains with low computational time, in order to determine the training data for
each group of MLP corresponding to each IK. Then the system of m� n approx-
imators of the multiple solutions for each joint variable is structured. An approx-
imator based on MLP is trained and tested. For verification purposes the simulated
experiments were implemented using a regular manipulator with known IK
solutions.

2.1 The Configuration Subspaces Determination

In this section, the determination of the uniqueness domains and their correspon-
dance to the IK solutions are presented. This is critical for the structure of the
system for the approximation of all the IK and for the training each of them.
Generally, the IKP problem is represented by the following:

h ¼ f�1ðpÞ ð1Þ

where, h are the joint variables, p represents the position and orientation of the
end-effector and f the forward kinematics function. The inverse kinematics solution
exist only when the determinant of the Jacobian matrix is not singular.

Therefore, the sets will be separated by the singularity locus provided by
detðJÞ ¼ 0. The open sets in the configuration space that are limited by the sin-
gularity locus has been presented in [2, 11]. These open sets are named as c-sheets
or aspects or uniqueness domains. In regular manipulators, each of these open sets
contain only one solution of the IKP, something that is not true for cuspidal
manipulators [11]. In Fig. 1, the singularity locus of a three DoF regular manipu-
lator is presented by red and green dotted lines and as it can be seen separates the
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ðh2; h3Þ domain in four areas. Each uniqueness domain is named as
UDj; j ¼ 1; . . .; 4.

Another interesting finding is that the sign of the determinant is preserved in
every open set UDj as it is shown in Fig. 1.

In addition, the Jacobian’s determinant is h1 invariant [3] the uniqueness
domains depend only on h2; h3. In manipulators with low degrees of freedom,
detðJÞ ¼ 0 is easily solved, however, for 6 DoF the solution is much more com-
plicated. In order to avoid complex computations it is easier to create a normal grid
in the configuration space in order to determine the connected components by the
change of the sign of it’s Jacobian’s determinant.

2.2 The Proposed Structure of the Approximator

Taking into account that the number of uniqueness domains is equal to the number
of the IK solutions, and with the sign preservation technique it is possible to create
the training data sets for each IK solution, by regularly griding the configuration
space and calculating the sign of the Jacobian determinant. The following method is
proposed to approximate all the solutions of the IKP:

1. Regularly grid the configuration space to obtain the set H ¼ fhl; l ¼ 1; . . .; kg
where hl represents the joint coordinates at the lth point of the grid.

2. Calculate the Jacobian’s determinant detJðhlÞ; l ¼ 1; . . .; k.
3. Determine the elements of each subset of connected components defined by the

sign of the Jacobian’s determinant of the tuple ðhl; sgnðdetJðhlÞÞÞ. The number
of the subsets UDj; j ¼ 1; 2; . . .m is equal to the maximum number m of the IK

Fig. 1 Singularity locus and
the inverse kinematics
solutions of a 3 Dof
manipulator with anatomical
parameters presented in the
beginning of Sect. 3
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solutions. The union of these subsets is [m
j¼1UDj ¼ H� fSingular Locusg, or

equal to H apart from hl belonging to the singularity locus.
4. For every hl 2 UDj determine the TCP position, to obtain the following tuple.

ðhl; x; y; zÞj.
5. Form the set of tuples ðx; y; z; hliÞj; i ¼ 1; 2; 3; j ¼ 1; 2; . . .;m.

6. Use ðx; y; z; hliÞj to train a system that approximates hi. An MLP system is trained
for every hi, as it is shown in Fig. 2. The position variables otained by the FK
are used as inputs to the MLP system which approximates one configuration
variable ĥi and the error between the desired and approximated values ~hi ¼
hi � ĥi is calculated. The error is fed to the training algorithm that tunes the
system. When the training is completed, the NNi; j system is used to approximate
hi by the position data.

7. Repeat for all uniqueness domains and all joint variables hi.

In this paper, multilayer perceptron systems are used to approxiamte the IKP.
The Levenberg-Marquardt backpropagation method for 100 epochs is used to train
a set of MLP systems for every hi and every IK solution. The architecture of the
MLP system is found by trial and error techniques by training various systems with
one or two hidden layers with a total number of neurons between [10, 20]. In the
case of one hidden layer the MLP system have the topology has the form 3�
HL1 � 1 where HL1 2 ½10; 20�. In the case of two hidden layers the MLP system
has the topology of the form 3� HL1 � HL2 � 1 where 10�HL1 � HL2 � 20.

Since the manipulator tasks are located in high dexterity areas of the workspace
the training and testing is limited to those areas to demonstrate the practical sig-
nificance of the method. For a given joint error, the position error is lowest in areas
of the workspace where the inverse condition number is close to 1. Consequently a
small approximation error in joint space is amplified to a small error in Cartesian
space.

Fig. 2 Proposed training
method of an MLP
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3 Simulated Experiments and Results

A 3 dof regular manipulator has up to four solutions in the inverse kinematics
problem. The D-H parameters of the typical puma-like manipulator used in the
simulated experiments are the following: a1 ¼ a3 ¼ 0o, a2 ¼ 90o, a1 ¼ 0,
a2 ¼ 0:3, a3 ¼ 0:707 and d1 ¼ d2 ¼ d3 ¼ 0. The TCP is positioned by 0.5 m along
the X axis relative to the 3rd frame. The limits of the configuration variables are
h1 2 ½�100o; 100o�, h2 2 ½�90o; 90o� and h3 2 ½�140o; 140o�.

The position Jacobian’s determinant of this robot is the following:

detðJpÞ ¼ �0:707=2sinðh3Þðcosðh2 þ h3Þ=2þ 0:707cosðh2Þ þ 0:3Þ ð2Þ

The first factor of detðJpÞ ¼ 0 is shown in Fig. 1 by the red lines while the
second one is shown by the green lines. According to Eq. (2) the singularity locus
of the robot is h1 invariant.

Following the method a uniform grid is defined in the proposed configuration
space with a step of 2.5° taking into account the joint variable limits. The limited
universe of discourse of ðh2; h3Þ is shown by the black dashed line in Fig. 1. There
are areas in the joint space where the KCI is equal or approximately equal to 1. In
order to minimise the approximation error the following thresholds are selected:
(a) KCI[ 0:7 for the UD1;UD3. (b) KCI[ 0:1 for the UD2;UD4.

Since there are four uniqueness domains, the following twelve sets are formed:

ðx; y; z; hiÞj; i ¼ 1; 2; 3; j ¼ 1; . . .; 4 ð3Þ

An MLP system is trained for every set using the method referred in the previous
section. The best systems for every set is shown in Table 1. Some systems con-
verged to the specified MSE error (10�7—1st stop training criterion) very early
such as the first system which converged in the 13th epoch. Other systems did not
reach the specified MSE after 100 epochs of training (2nd stop training criterion),
however the MSE is close to the specified one. The worst case appeared in the 2nd
system that presents an MSE equal to 3:4510�7. Overall, the values of the MSE
presented in tab. 1 are the lowest using the lowest number of neurons.

The computational time for training the system varies greatly, from a couple of
minutes to several (10–20 min) according to the number of training data, the
topology as well as the termination epoch.

The absolute errors in the training data for the 3rd uniqueness domain are shown
in Fig. 3. The high majority of the test data show very low error comparable to the
current industrial robots (<0.1 mm). A few data points present high error in the
order of mm. The maximum joint error is presented in the system that approximates
h2 and it is about 4� 10�3 rad whole the maximum error in the Cartesian space is
less than 2 mm. In Fig. 4, the position error in the workspace is shown for the 3rd
set. Comparing the results with those found in the literature, the joint error is better
than the one presented in [9] (in some cases is 100 times better). The mean error

278 V.C. Moulianitis et al.



presented in [1] is 0.9 mm, with standard deviation of 2.9 mm implying that are
points in the workspace that the error is higher than the one presented in this paper.
Finally, the RMS error presented in [8] was less than 2 % which is much greater
than the one presented in this paper.

The maximum position error is shown in the extremes of the workspace defined
by the training data. However, it was expected that the maximum error in the 3rd set
should be lower than the one presented in the 4th set due to the higher KCI, because

Table 1 MLP system for every set and training results

Set Joint Neurons/layer Epochs MSE Training data

1 1 h11 [11 9] 13 6:36� 10�8 11,826

1 2 h12 [11 9] 100 3:45� 10�7 1826

1 3 h13 [9 10] 100 2:06� 10�7 11,826

2 1 h21 [11 9] 66 9:95� 10�8 7695

2 2 h22 [10 9] 64 8:99� 10�8 7695

2 3 h23 [12 5] 74 9:73� 10�8 7695

3 1 h31 [9 10] 15 3:71� 10�8 11,826

3 2 h32 [10 8] 100 2:91� 10�7 11,826

3 3 h33 [15 5] 100 1:26� 10�7 11,826

4 1 h41 [11 9] 77 9:9� 10�8 7695

4 2 h42 [13 7] 14 7:78� 10�8 7695

4 3 h43 [13 7] 98 9:8� 10�8 7695

Fig. 3 Test error for the 3rd uniqueness domain

A Method for the Approximation of the Multiple … 279



the training MSE error is higher in the case of the 4th set than the one presented in
the 3rd set. The joint error can be lowered if the system is trained for more than 100
epochs, or if more than 20 neurons are used in the two hidden layers of the MLP.
The Cartesian error can be improved either by training the system in areas where
the KCI is relatively high and/or by using more training data.

4 Conclusions

In this paper, a method that could be used to find all the solutions of the inverse
kinematics problem is presented based on training MLP systems. For the first time
the structure of the approximator is based on the knowledge of the distribution of
the IK solutions and the corresponding training data obtained by forward kine-
matics. The training data further elaborated to define the areas of high dexterity to
reduce the approximation error in useful areas. The accuracy achieved is consid-
erably higher than in previous methods based on soft computing while the pre-
sented method determined all of the solutions that was not the case in most of them.
Future work is targeted to the application of the method for 6 DoF robots without
analytical solutions.
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An Approach to Symbolical Formulation
of Forward Kinematics of Serial Robots

S. Krutikov

Abstract In this paper, an alternative representation of the forward kinematic
model is proposed. Its form is a linear combination of the predefined functions of
joint coordinates. Its coefficients referred to as generalized kinematic parameters
determine the model completely. Derivation of forward instantaneous kinematics
based on the suggested approach is presented. An example demonstrating its usage
is also included.

Keywords Forward � Kinematic � Model � Symbolic � Jacobian

1 Introduction

The forward kinematic model determines the position and the orientation of the
robot links with respect to its base depending on their relative positions. It is
required in many applications such as visualization of the links movement, calcu-
lation of the feedback used in robot control algorithms and procedures for solving
the inverse kinematics problem using optimization techniques [7]. The general
approach to obtain this model is to attach a frame to every link of the robot starting
from the base and to define Euclidean transformations which make each frame to
coincide with the next one. The composition of these transformations determines
the model. It depends on a number of constant geometrical parameters and variable
joint coordinates. Partial derivatives of the resulting transformation with respect to
these coordinates and parameters determine forward instantaneous kinematics and
the identification model, respectively.

Many of the applications mentioned above are time-critical so it is important to
maximize the computational efficiency of the algorithm being used. One of the
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common ways to achieve this is to generate the underlying model symbolically.
Today, there are a lot of computer programs for multibody systems which imple-
ment this optimization [2]. They use general-purpose computer algebra systems or
special techniques of symbolic computations [6]. However, they do not take into
account some features of the analytical representation of rigid body kinematics. In
contrast to them this paper does.

Here, an alternative representation of the forward kinematic model for an
extensive class of serial mechanisms is proposed. It is assumed that all the com-
ponents of this model are elements of a linear space of functions with a predefined
structure. Their coordinates referred to as generalized kinematic parameters are
some combinations of geometrical parameters. They determine the model com-
pletely and uniquely. A recursive procedure is designed for calculating these
parameters. Formulation of forward instantaneous kinematics using the developed
approach is also presented. The approach is demonstrated for a general 3-DoF robot
manipulator with all revolute joints.

2 Classical Formulation

Consider a serial robot which consists of N þ 1 rigid bodies (links) connected with
joints. Only the joints which are kinematically equivalent to a chain of the helical
ones are allowed. Link 0 (base) is supposed to be fixed and link N is the
end-effector. Suppose a frame i is attached to a link i of the robot (i ¼ 0; . . .;N). Let
i�1Ti be a homogenous transformation matrix which represents the position and the
orientation of the frame i relative to the frame i� 1. Then, the forward kinematic
model is determined by the set of matrices 0Ti [4]. According to the rule of
homogenous transformation composition, we have:

0Ti ¼ 0 T1. . .
i�1Ti: ð1Þ

Since every joint is thought to be a compound one, the resulting transformation
i�1Ti can be calculated as a composition of ri elementary screw transformations
i�1Ti;ki :

i�1Ti ¼ i�1 Ti;1. . .
i�1Ti;ri : ð2Þ

Here “elementary” means that the screw axis is one of the coordinate axes of a
moving frame. Substitution of Eq. 2 into Eq. 1 gives us

0Ti ¼ A1. . .Ami ; ð3Þ

where mi ¼
Pi

l¼1 rl and Aj ¼ i�1 Ti;ki iff j ¼ mi�1 þ ki. To determine each ele-
mentary transformation Aj, a pitch hj must be specified [7]. We also need an angle
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of rotation /j, if the pitch is finite, or a linear displacement pj, otherwise. Then, if
the screw axis is X, the transformation matrix can be constructed as follows:

Aj ¼
1 0 0 hj/j
0 cos/j � sin/j 0
0 sin/j cos/j 0
0 0 0 1

0
BB@

1
CCA: ð4Þ

For Y and Z axes this matrix has a very similar form. Pitch values for all trans-
formations are supposed to be constant due to a fixed kinematic structure of the
robot. So each elementary transformation is completely determined either by /j or
pj, which are referred to as screw coordinates. Thus, the total amount of geomet-
rical parameters is ðmþ mÞ where m ¼ mN and m is the number of nonzero finite
pitches.

Now assume that only n out of m screw transformations are variable and their
indices jk are ordered as follows: jk�1\jk (k ¼ 2; . . .; n). Then, once all ðmþ m� nÞ
constant geometrical parameters are given, the set of n variable screw coordinates
determines the model uniquely. Therefore, this set can be chosen as a set of gen-
eralized coordinates of the robot. Let us divide the set M ¼ 1; . . .;mf g of integers
into n subsets Mk ¼ bk; . . .; ekf g so that jk 2 Mk, bk ¼ ek�1 þ 1, e0 ¼ 0 and
en ¼ m. We also suppose that there exist integers ni � n (i ¼ 1; . . .;N) which satisfy
eni ¼ mi. Then, if we introduce matrices

Tk ¼ Abk . . .Aek ð5Þ

and take into account Eq. 3, we have

0Ti ¼ T1. . .Tni : ð6Þ

Each matrix Tk depends on only one generalized coordinate qk which is equal to /jk

if hjk is finite and to pjk , otherwise.
For example, for robot manipulators we have ri ¼ 4, mi ¼ 4i, n ¼ N, ei ¼ mi

and ni ¼ i. This makes i�1Ti ¼ Ti. If the classical Denavit-Hartenberg notation is
used, each transformation Tk consists of two elementary rotations (zero pitch) and
two elementary translations (infinite pitch):

Tk ¼ Rot Z; hkð ÞTrans Z; dkð ÞTrans X; akð ÞRot X; akð Þ:

If joint k is revolute, jk ¼ bk and qk ¼ hk . If it is prismatic, jk ¼ bk þ 1 and qk ¼ dk.
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3 Alternative Representation

Consider the elementary screw transformation Ajk . Relative to Eq. 4 it can be
represented as a linear combination of some predefined functions of generalized
coordinates:

Ajk qkð Þ ¼
X4
l¼1

Al
jk f

l
k qkð Þ;

where Al
jk are constant matrices, f lk qkð Þ 2 Fk and Fk ¼ 1 qkð Þ; cos qk; sin qk; qkf g.

Taking into account Eq. 5, we have

Tk qkð Þ ¼
X4
l¼1

Tl
kf

l
k qkð Þ;

where Tl
k ¼ Abk . . .A

l
jk . . .Aek . Substitution into Eq. 6 gives us

0Ti qð Þ ¼
X4
l1¼1

. . .
X4
lni¼1

Tl1
1 . . .T

lni
ni

h i
f l11 q1ð Þ. . .f lnini qnið Þ; ð7Þ

where q is the column vector of generalized coordinates.
Consider a linear space Fk ¼ span Fkð Þ. It is isomorphic to R

4 since all elements
of the set Fk are linearly independent as continuous functions of qk . Let us define a
linear space Bn as a tensor product of Fk:

Bn ¼ F1 � . . .� Fn:

If the operation � is a regular scalar multiplication, the space Bn is a finite
dimensional linear subspace of all continuous functions of q. Let us define a set of
tensor indices Ik as a kth cartesian power of the set I ¼ 1; . . .; 4f g and denote the
product f l11 . . .f

ln
n by bln, where l ¼ ðl1; . . .; lnÞ 2 In. It can be proved that the func-

tions bln qð Þ are linearly independent and constitute the natural basis of Bn. Then,
Eq. 7 can be rewritten as follows:

0Ti qð Þ ¼
X
l2In

Tl
ib

l
n qð Þ; ð8Þ

where Tl
i ¼ Tl1

1 . . .T
lni
ni if l ¼ ðl1; . . .; lni ; 1; . . .; 1Þ and Tl

i ¼ 0, otherwise. This
equation means that the components of each matrix 0Ti are the elements of the
space Bn and the components of the matrices Tl

i are their coordinates in the natural
basis of Bn. Let us define the whole set of these coordinates as the set of generalized
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kinematic parameters of the link i. It determines the position and the orientation of
this link completely and uniquely according to the properties of bases.

Generalized parameters are some generally nonlinear combinations of classical
parameters, e.g., DH parameters for robot manipulators. Technically, the total
amount of generalized parameters of the link i is 12 � 4ni as the last row of the
transformation matrix is meaningless. However, a lot of these parameters are
actually zero since the matrices Aj and Al

jk are sparse. Also, there is a dependency
between the generalized parameters of adjacent links due to recursive relations

0Ti ¼0 Ti�1 Tni�1þ1. . .Tnið Þ; k ¼ 1; ::;N; 0 T0 ¼ I4:

Taking this into account, these parameters can be calculated using a recursive
procedure. Let us define the matrices Tik as follows:

Tik ¼ Tl1
1 . . .T

lk
k ;

where ik ¼ ðl1; . . .; lkÞ 2 Ik. This leads to a natural recursion

Tik ¼ Tik�1Tlk
k ; k ¼ 1; . . .; n; Ti0 ¼ I4:

Then, if k is equal to one of ni, we assign the value of the current matrix Tik to the
matrix Tl

i, where l ¼ ðik; 1; . . .; 1Þ. The computational efficiency of this recursive
algorithm is significantly increased if a special implementation of sparse matrices is
used. Another optimization is to detect matrices Tik which are zero, stop the current
recursion branch and switch to another tensor index ik .

4 Forward Instantaneous Kinematics

The forward instantaneous kinematic model determines linear and angular veloci-
ties of the robot links with respect to the base frame if joint positions and velocities
are given. It is typically represented using the Jacobian matrices Ji for each link [4]

si ¼ Ji qð Þ _q;

where si is a spatial velocity vector of the link i. The part of the Jacobian corre-
sponding to the angular velocity can be obtained from the geometrical model. Let
Ui be the set of all indices jk (k� ni) such that the respective screw transformation
Ajk has a finite pitch. The absolute angular velocity xi of the link i is the sum of the
relative ones [1]:
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xi ¼
X
k2Ui

uk _qk;

where uk is a unit vector of the coordinate axis which is a screw axis of the
elementary transformation Ajk . Its nonzero coordinates u

l
k with respect to the natural

basis of Bn can be calculated as follows:

ulk ¼ I3 0ð ÞTik�1Abk . . .Ajk�1er; 8ik�1 2 Ik�1;

where l ¼ ðik�1; 1; . . .; 1Þ 2 In and er is a unit vector whose rth component is 1. If
the screw axis is X then r ¼ 1, if it is Y then r ¼ 2, and if it is Z then r ¼ 3.

The other part of the Jacobian corresponds to the linear velocity of the link frame
origin. In symbolical computations it is usually obtained by calculating the time
derivative of the respective position vector pi [4]. Its coordinates with respect to the
base frame are the first three components of the last column of the transformation
matrix 0Ti. Let pli be a column vector of generalized kinematic parameters corre-
sponding to the position part of the matrix Tl

i. Then, Eq. 8 yields:

pi ¼
X
l2In

plib
l
n:

Differentiating the latter equation with respect to time and denoting _pi by vi, we
have

vi ¼
X
l2In

pli
Xn
k¼1

@bln
@qk

_qk

 !
: ð9Þ

Due to the structure of space Bn, we obviously obtain

@bln
@qk

¼ f l11 . . .
@f lkk
@qk

. . . f lnn :

It can be easily checked that each space Fk is closed under differentiation with
respect to qk , i.e.,

@f lk
@qk

¼ c lð Þf h lð Þ
k ; 8l 2 I:

The functions c lð Þ and h lð Þ map the set I to the set C ¼ �1; 0; 1f g of integers and to
itself, respectively. They are defined in Table 1. This yields the space Bn to be
closed under differentiation as well. Given a tensor index l ¼ ðl1; . . .; lnÞ 2 In, let us
introduce the set of functions ck lð Þ and hk lð Þ (k ¼ 1; ::; n) which map the set In to
the set C and to itself, respectively. They are defined as follows: ck lð Þ ¼ c lkð Þ and
hk lð Þ ¼ ðl1; . . .; h lkð Þ; . . .; lnÞ. Then, we have
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@bln
@qk

¼ ck lð Þbhk lð Þ
n ; 8l 2 In:

Substitution of the last equation into Eq. 9 gives us

vi ¼
Xn
k¼1

X
l2In

ck lð Þplibhk lð Þ
n

 !
_qk: ð10Þ

The expression in parentheses is convinient for calculation of the linear velocity
Jacobian, since it is equal to a partial derivative @vi=@ _qk . Given all nonzero gen-
eralized parameters pli, all nonzero projections vlik of the kth Jacobian column on the
space Bn can be directly calculated.

5 Example

The algorithm of calculating the generalized kinematic parameters described above
has been implemented in C++ language using GiNaC library [3] for symbolic
manipulations. The results of its application to a general 3-DoF robot manipulator
with all revolute joints are presented in Table 2. Only the end-effector parameters
corresponding to its position and to axis Z of its frame are shown. The classical
Denavit-Hartenberg notation has been used to construct the matrices. Then, the

Table 1 The definition of the
functions c lð Þ and h lð Þ l c lð Þ h lð Þ

1 0 4

2 −1 3

3 1 2

4 1 1

Table 2 The generalized kinematic parameters of the end-effector

l 2 I3 pl3 (transposed) zl3 (transposed)

ð1; 1; 1Þ 0; 0; d1 þ d2 cos a1 þ d3 cos a1 cos a2ð Þ 0; 0; cos a1 cos a2 cos a3ð Þ
ð1; 2; 1Þ 0; 0; �d3 sin a1 sin a2ð Þ 0; 0; � sin a1 sin a2 cos a3ð Þ
ð1; 1; 2Þ 0; 0; 0ð Þ 0; 0; � cos a1 sin a2 sin a3ð Þ
ð1; 2; 2Þ 0; 0; 0ð Þ 0; 0; � sin a1 cos a2 sin a3ð Þ
ð1; 3; 3Þ 0; 0; 0ð Þ 0; 0; sin a1 sin a3ð Þ
ð1; 3; 1Þ 0; 0; a2 sin a1ð Þ 0; 0; 0ð Þ
ð1; 1; 3Þ 0; 0; a3 cos a1 sin a2ð Þ 0; 0; 0ð Þ
ð1; 2; 3Þ 0; 0; a3 sin a1 cos a2ð Þ 0; 0; 0ð Þ

(continued)
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Table 2 (continued)

l 2 I3 pl3 (transposed) zl3 (transposed)

ð1; 3; 2Þ 0; 0; a3 sin a1ð Þ 0; 0; 0ð Þ
ð2; 1; 1Þ a1; �d2 sin a1 � d3 sin a1 cos a2; 0ð Þ 0; � sin a1 cos a2 cos a3; 0ð Þ
ð2; 1; 2Þ 0; 0; 0ð Þ 0; sin a1 sin a2 sin a3; 0ð Þ
ð3; 1; 1Þ d2 sin a1 þ d3 sin a1 cos a2; a1; 0ð Þ sin a1 cos a2 cos a3; 0; 0ð Þ
ð2; 2; 1Þ a2; �d3 cos a1 sin a2; 0ð Þ 0; � cos a1 sin a2 cos a3; 0ð Þ
ð2; 3; 1Þ d3 sin a2; a2 cos a1; 0ð Þ sin a2 cos a3; 0; 0ð Þ
ð3; 2; 1Þ d3 cos a1 sin a2; a2; 0ð Þ cos a1 sin a2 cos a3; 0; 0ð Þ
ð3; 3; 1Þ �a2 cos a1; d3 sin a2; 0ð Þ 0; sin a2 cos a3; 0ð Þ
ð2; 1; 3Þ 0; �a3 sin a1 sin a2; 0ð Þ 0; 0; 0ð Þ
ð2; 2; 3Þ 0; a3 cos a1 cos a2; 0ð Þ sin a3; 0; 0ð Þ
ð2; 3; 2Þ 0; a3 cos a1; 0ð Þ cos a2 sin a3; 0; 0ð Þ
ð3; 2; 2Þ 0; a3; 0ð Þ cos a1 cos a2 sin a3; 0; 0ð Þ
ð3; 3; 3Þ 0; �a3 cos a2; 0ð Þ � cos a1 sin a3; 0; 0ð Þ
ð2; 2; 2Þ a3; 0; 0ð Þ 0; � cos a1 cos a2 sin a3; 0ð Þ
ð2; 3; 3Þ �a3 cos a2; 0; 0ð Þ 0; cos a1 sin a3; 0ð Þ
ð3; 1; 3Þ a3 sin a1 sin a2; 0; 0ð Þ 0; 0; 0ð Þ
ð3; 2; 3Þ �a3 cos a1 cos a2; 0; 0ð Þ 0; sin a3; 0ð Þ
ð3; 3; 2Þ �a3 cos a1; 0; 0ð Þ 0; cos a2 sin a3; 0ð Þ
ð3; 1; 2Þ 0; 0; 0ð Þ � sin a1 sin a2 sin a3; 0; 0ð Þ

Table 3 The parameters of the linear velocity Jacobian of the end-effector

l 2 I3 vl31 l 2 I3 vl32 l 2 I3 vl33
ð2; 1; 1Þ pð3;1;1Þ3

ð1; 2; 1Þ pð1;3;1Þ3
ð1; 1; 2Þ pð1;1;3Þ3

ð3; 1; 1Þ �pð2;1;1Þ3
ð1; 3; 1Þ �pð1;2;1Þ3

ð1; 2; 2Þ pð1;2;3Þ3

ð3; 2; 1Þ �pð2;2;1Þ3
ð1; 3; 3Þ �pð1;2;3Þ3

ð1; 3; 3Þ �pð1;3;2Þ3

ð3; 3; 1Þ �pð2;3;1Þ3
ð1; 2; 2Þ pð1;3;2Þ3

ð2; 1; 2Þ pð2;1;3Þ3

ð2; 3; 1Þ pð3;3;1Þ3
ð2; 3; 1Þ �pð2;2;1Þ3

ð2; 2; 2Þ pð2;2;3Þ3

ð2; 2; 1Þ pð3;2;1Þ3
ð2; 2; 1Þ pð2;3;1Þ3

ð2; 3; 3Þ �pð2;3;2Þ3

ð3; 1; 3Þ �pð2;1;3Þ3
ð3; 3; 1Þ �pð3;2;1Þ3

ð3; 2; 3Þ �pð3;2;2Þ3

ð3; 2; 3Þ �pð2;2;3Þ3
ð3; 2; 1Þ pð3;3;1Þ3

ð3; 3; 2Þ pð3;3;3Þ3

ð3; 3; 2Þ �pð2;3;2Þ3
ð2; 3; 3Þ �pð2;2;3Þ3

ð2; 2; 3Þ �pð2;2;2Þ3

ð2; 2; 2Þ pð3;2;2Þ3
ð2; 2; 2Þ pð2;3;2Þ3

ð2; 3; 2Þ pð2;3;3Þ3

ð2; 3; 3Þ pð3;3;3Þ3
ð3; 3; 2Þ �pð3;2;2Þ3

ð3; 1; 2Þ pð3;1;3Þ3

ð3; 3; 3Þ �pð2;3;3Þ3
ð3; 2; 3Þ pð3;3;3Þ3

ð3; 2; 2Þ pð3;2;3Þ3

ð3; 2; 2Þ �pð2;2;2Þ3
ð2; 3; 2Þ �pð2;2;2Þ3

ð3; 3; 3Þ �pð3;3;2Þ3
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nonzero parameters of the linear velocity Jacobian of the end-effector have been
calculated using Eq. 10. Some of them are presented in Table 3. It illustrates that in
software terms the velocity parameters are just pointers to the position ones up to
the opposite sign. This fact can significantly reduce the computational cost of
symbolic formulation of instantaneous kinematics.

6 Conclusions

In this paper, the components of both finite and differential kinematic models of
serial robots are represented as elements of a linear space. Due to the predefined
structure of this space, only generalized parameters must be calculated to obtain
these models. A recursive relations for calculation of these parameters have been
obtained and implemented in software. So the computational complexity of explicit
formulation of forward kinematics is reduced using the presented approach. Also it
can be useful for the optimization of the automatically generated source code which
implements an algorithm based on forward kinematics. However, such a procedure
is still under development. A comparison with an existing software package (e.g.
OpenSymoro [5]) will be performed after it has been finished. Other interesting
applicatons of the proposed approach are derivation of the robot calibration model
and analysis of the parameter identifiability.
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Grasp Database Generator
for Anthropomorphic Robotic Hands

H. Mnyusiwalla, P. Vulliez, J.P. Gazeau and S. Zeghloul

Abstract Grasp databases can be useful for data-driven grasp synthesis algorithm
or benchmarking grasp quality metrics. This paper presents an algorithm to produce
a grasp database for anthropomorphic robotic hands. The method can generate
different types of grasps from the human grasp taxonomy, it relies on the notion of
hand preshapes. For each type of grasp there is a hand preshape defined, containing
information on how the hand should approach the object and close its fingers. The
proposed approach is validated on the anthropomorphic RoBioSS hand.

Keywords Grasp database � Robotic hand � Grasp synthesis � Hand preshapes

1 Introduction

Stable grasp synthesis has been researched for several decades and has led to
numerous grasping algorithms as detailed in [12]. Most of these algorithms rely on
different metrics [11] to evaluate the stability of a grasp. To analyze grasp quality
measures like in the papers [5, 7] we need to have a big grasp database with a
variety of grasps. One notable related work is the Columbia Grasp Database [6].
This publicly available database consists of grasp sets of a human hand model and
of the Barrett robotic hand. However this grasping database is more focused
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towards grasps with a large contact area between the hand and the objects called
power-grasps instead of grasps with a contact zone limited to the fingertips known
as precision-grasps [10]; an example of both grasps is shown on Fig. 1.

Analyzing quality measures with the Columbia Grasp Database wouldn’t inform
us on the effectiveness of these metrics with precision-grasps. However,
precision-grasping for in-hand manipulation is the main target for robotic hands as
power-grasping can be achieve easily with a gripper.

There are several existing methods to generate grasps [12], however these
approaches usually generate a specific type of grasp and are difficult to adapt to
other objects or to other hands. The method proposed in this paper is based on the
notion of hand preshapes [14] and can generate datasets of different grasps from the
grasp taxonomy [4]. This method is easily adaptable to different hands and works
with all objects modeled by triangular meshes.

This paper is structured as follows. Section 2 details the targeted grasps for our
algorithm and why they were chosen. Section 3 presents the notion of hand pre-
shapes and Sect. 4 explains the generation process. Section 5 discusses the obtained
results. Finally Sect. 6 concludes the paper and outlines the future work.

2 Target Grasps

To design robotic hands that have the same dexterity as the human hand,
researchers have been studying human grasping behavior. This research led to
several taxonomies classifying human diverse set of grasps. The most recent tax-
onomy is the one established by Feix et al. [4]. The authors divide human grasping
behavior into 33 types of grasp arranged in three categories: power, intermediate
and precision grasps.

It’s useful to have the same variety of grasps for anthropomorphic hands,
therefore we will base our grasp database on this taxonomy. We will limit our study
in this paper to the grasps presented on Fig. 2. This set of grasps was chosen based

Fig. 1 Grasp types.
a Power-grasp.
b Precision-grasp
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on the study in [3]. The authors analyzed nearly 10,000 grasp instances performed
by two housekeepers and two machinists in their daily work. They found that these
five grasp types cover almost 70 % of the performed grasps.

The Medium Wrap and the Power Sphere are power-grasps. The Thumb-2-finger
and tripod are precision-grasps. The Lateral Pinch grasp is an intermediate grasp in
the Feix’s taxonomy. However, for simplification, it is referred to as a power-grasp
further in this paper because it has a similar generation process as the other
power-grasps in the proposed method, as detailed in Sect. 4.

3 Grasp Preshapes

The grasp generator is based on hand preshapes [14]. For each type of grasp from
the taxonomy, the user has to define the corresponding preshape for the robotic
hand. This concept of preshape expands the notion of pregrasps defined in [9] as it
also includes information on how the hand should approach the object and how

Fig. 2 Target grasps. a Medium wrap. b Lateral pinch. c Thumb-2-finger. d Power sphere.
e Tripod
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fingers should move. A preshape consists of initial joint values, hand orientation for
the approach phase and details on moving and fixed fingers for the hand closing
phase.

Similar to the notion of eigengrasps [1], a preshape is based on joint coupling.
The joint coupling for the eigengrasps are built on the Principal Component
Analysis of human grasping movement done in [13]. However this analysis leads to
coupling even between fingers, therefore the determination of which eigengrasps to
use for a specific type of grasp is non-trivial. Consequently the notion of eigengrasp
is hard to adapt to reproduce the taxonomy.

The joint coupling in our preshapes is used mostly for the flexion movement of
the fingers which leads to more natural grasps with anthropomorphic hands.
Figure 3 shows the different preshapes for the target grasps. The Tripod grasp and
the Thumb-2-finger have the same initial joint values. The difference is during the
finger closing phase. For the Tripod grasp, abduction-adduction joints move while
they remain still for the Thumb-2-finger grasp.

4 Grasps Generation

The pregrasp moves around the object and for each position the fingers are closed
and the grasp is evaluated. For each grasp we check if they are force closure by
verifying if the convex hull of the grasp wrench space includes the wrench space

Fig. 3 Preshapes for the target grasps. a Medium wrap. b Lateral pinch. c Thumb-2-finger and
tripod. d Power sphere
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origin [8]. For precision-grasps we also check if the number of contact points is
accurate for the grasp. For example, for the tripod grasp we verify if there is only
three contact points.

The robotic hand is positioned around the object using a spherical coordinate
frame associated to the object. The center of the spherical frame is sampled along
the object longest dimension. This process is repeated with varying hand orienta-
tions. We adjust the sampling range by exploiting the object symmetries to reduce
the computing time.

Power-grasps are sampled with a single radius value, the preshape moves closer
to the object until the hand collides with the object, and then the fingers are closed.
The process is illustrated on Fig. 4. Once the grasp is valid, the hand position and
orientation in the object frame, the joint-values and the contact points with their
normals are saved.

5 Results

The robotic hand used to generate the database is a new human size anthropo-
morphic hand developed in the RoBioSS laboratory. The hand kinematic model is
presented on Fig. 5. The hand has four fingers and sixteen tendon actuated degrees
of freedom; four degrees of freedom for each finger. All the fingers have almost the
same kinematics, the only difference is that the thumb has slightly different link

Fig. 4 Power-grasp generation. a Approaching phase. b Finger-closing phase. c Grasp validation

Abduction/Adduction joint
Flexion/Extension joint

T1

T2

T3

T4

F1
F2

F3

F4

Fig. 5 Kinematic model of
the RoBioSS hand
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lengths. The lengths are given in Table 1. Each finger has an abduction-adduction
joint and three flexion-extension joints.

The proposed approach is implemented in the open-source software OpenRAVE
[2]. To have a good variety of grasps, different objects with varying geometries
were selected to construct the database. Figure 6 gives examples of the obtained
grasps.

The force closure criterion is quite selective therefore the generated
power-grasps don’t need any post-processing. Precision-grasps however require

Table 1 Link lengths

Thumb T1 T2 T3 T4

Length in (mm) 15.2 53 40 21

Fingers F1 F2 F3 F4

Length in (mm) 15.2 45 35 22

Fig. 6 Generated grasps. a Medium wrap. b Lateral pinch. c Thumb-2-finger. d Power sphere.
e Tripod. f Medium wrap. g Lateral pinch. h Thumb-2-finger. i Tripod
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more user intervention because they produce many unstable grasps. To filter out
those grasps automatically we need to improve the grasp validation process by
finding suitable quality measures for precision-grasps.

6 Conclusion

We presented an approach which can produce a large variety of grasps. This
method works with any object modeled by a triangle mesh and is easily adaptable to
any anthropomorphic hands. For each desired type of grasp, we defined a hand
preshape for the robotic hand. This preshape was then used on several objects to
generate the database. The generation of power-grasps works quite well and doesn’t
require too much user intervention as opposed to the generation of precision-grasps.

Precision-grasp data-sets needed much more post-processing to filter unstable
grasps. To automate the database generation furthermore we need to introduce new
quality measures for the validation process. This will be done in our future work as
our next step will be to use this grasp database to evaluate grasp quality measures.
Once the process will be fully automated we will add more grasp types and objects
to create a larger database.
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From Human Motion Capture
to Industrial Robot Imitation

P. Laguillaumie, M.A. Laribi, P. Seguin, P. Vulliez, A. Decatoire
and S. Zeghloul

Abstract Making a robot duplicate human operator gestures is a difficult task. To
achieve this goal, we have defined a methodology and have started designing
software tools to simplify and automate this process. The first step is the motion
acquiring of the tool or of the object manipulated by the human subject. The
recorded motion is then processed to be transformed as the trajectory of the Tool
Center Point (TCP) of a robotic arm-hand set whose joint architecture and kine-
matics are different from the human arm ones. All robot axis coordinates are
computed by solving the inverse kinematics model. We demonstrated the feasibility
of our approach by experimentally having a robot duplicate the movement of a tool
motioned by an operator. The 3D motion capture system used is based on passive
marker technology which does not perturb the human gesture. After being pro-
cessed, the tool trajectory is used to generate a list cyclic positions controls syn-
chronously applied by a real-time controller to the robot motor drives. The robotic
set-up consists of a newly designed 4-finger hand embedded on an industrial 6-axis
serial robot provided with an innovative open robotic drive.

Keywords Biomimetics � Motion capture � Human gesture � Duplicate move-
ment � Kinematic model � Industrial robot

1 Introduction

In industrial production or in service robotics, mechanical systems are increasingly
used to perform tasks originally entrusted to human workers or helpers. One way to
assign the task to a robot is to use biomimetics in the sense of teaching a robot to
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use a tool as a human operator would do. The RoBioSS team of the Pprime Institute
originally investigated biomimetics as a way to control robots in the contexts of
defining strategies for reaching and grasping in prehension [1] and improving the
gait of walking humanoids robots [2].

In this paper, we present a complete methodology for reproducing a human
gesture by an industrial robot equipped with a suitable gripper. The process starts
with motion capture of the movement of a tool manipulated by a human and ends
with the generation of a similar movement on a robotic hand-arm platform.

This method was first put into practice for a French TV scientific show1 whose
topic was the interactions between humans and robots for entertainment purpose.

2 Experimental Set-up

The experimental set-up uses two scientific platforms of Pprime Institute funded by
the French Robotex research funding project: a 3D-motion capture system and a
robotic cell designed for cobotics (cooperation between robots and between a robot
and human).

The motion capture system is equipped with a Vicon system which consists of
up to 20 ccd video cameras and an acquisition device able to record the three
dimensional motions of passive reflective markers. In addition, the scientific plat-
form offers the opportunity to measure ground forces reactions with seven 6-axis
force plates. The video and force plate measurements are synchronized and
recorded by the Vicon acquisition device so that they can be post-processed with
Nexus software and MathWorks Matlab software.

The set-up is routinely used for human gait clinical analysis, athlete gesture
optimization and ergonomics design of workstation.

For our application, we used the Vicon motion analysis system with ten cameras
to record at 100 Hz frequency the motions of the tool and the operator arm during
the task that we aimed to reproduce.

The capturedmovement is to be reproduced by a robotic arm-hand set designed for
precise manipulation. The robotic handler is a 4-finger, 12-actuator, tendon-driven
anthropomorphic hand designed by the RoBioSS team in 2014 [3]. It has human-size
geometry and each finger has three flexion-extension and an abduction-adduction
motions. The hand is mounted on a TX60 6-axis Stäubli serial robot (see Fig. 1)
powered by a uniVAL drive industrial robotic controller, which offers the innovative
feature of a possible integration which an external controller [4].

All 18 axes are put into motion by a B&R Automation industrial PC [5].
Communication between the robot controller, the DC motor power stages and the
PC runs through a high speed real-time Ethernet Powerlink fieldbus which guar-
anties that all motions are synchronized. Low level control loops for the hand

1http://www.france5.fr/emissions/on-n-est-pas-que-des-cobayes.
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motors also run on the industrial PLC (see Fig. 1). Robot-level software implements
PLCopen Motion standard. In our application, all axes are given 4 ms periodic
position commands.

3 Biomimetics-Based Approach

3.1 Motion Adaptation

The aim of this work is to imitate the captured human motion with a serial robot.
The approach principle could be to control the robot as a marionette, imposing the
human joint angles to the serial robot. This approach will not create a feasible
motion since the robot has not necessarily the same geometry. The motion adap-
tation transforms the human motion to a feasible motion for a chosen robot. Two
main constraints must be respected by the adapted motion.

First, all coordinates of each marker on the object must be inside the serial robot
workspace. Secondly, the Inverse Kinematic Model (IKM) of the serial robot must
be respected at any time. The synopsis for the «tool movement duplication» process
is presented in Fig. 2 and may be described as follows.

At first, the motion of the tool is recorded by a 3D motion capture set-up. The
trajectory of the point inside the hand and the orientation are processed with a
Matlab routine in order to optimally place the complete tool motion inside the robot
workspace, taking into account the different arm configurations and avoiding sin-
gularities. The tool is virtually placed into the robotic hand. The positions of the
joint variables of the Stäubli robot are computed using the inverse kinematic model.
The new trajectories are then smoothed to limit the speed and acceleration dis-
continuities originating from the noise and measurement errors. At this point, we
have computed the temporal series of joint variables.

Before being applied to the robot, the sets of joint commands are evaluated in a
3D simulation environment in order to check that they respect the limits of each
joint range as well as the possible environmental constraints of the robotic scene. If
all safety and technological conditions are satisfied, the motions can be played on
the arm-hand set-up by our real-time robotic control-command software.

Fig. 1 Experimental set-up
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3.2 Motion Capture

To collect kinematic data in order to record the trajectories of the markers, a Vicon
motion system is used with ten cameras located around the studied area. The
observed volume is about 1 m long, 1.8 m high, and 1 m wide.

Seven reflective markers are placed on the subject skin and six on the tool
(Fig. 3). To position the markers on the human arm, we made the following choice:
three markers for the shoulder (clavicle, scapular acromion and scapula), two for the
elbow (humeral medial and lateral epicondyles) and two for the wrist (styloid
processes of the radius and of the ulna).

Marker coordinates

Computation of the TCP 

Yes

No

IKM

Adaptation

Joint variables

TCP inside 
Workspace? 

Motion capture

Tool movement dupli-
cation 

Online  

Offline 

Fig. 2 Process overview

Scapula

Clavicle
Scapular

Acromion

Humeral Medial
Epicondyle

Humeral Lateral
Epicondyle

Styloid Process of 
the Radius

Styloid Process of 
the Ulna

TCP (Tool
Center Point)

Fig. 3 Markers set (left) and Tool Center Point (right)
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The second step to motion capture is to define the intersegment model in Vicon
Nexus video processing software.

In our case study, the number of segments chosen is four (Fig. 4): shoulder
(green), arm (red), forearm (blue) and tool (yellow). The segment axes are chosen
according to the International Society of Biomechanics’ (ISB) recommendations.

3.3 Manipulator Kinematics

The description of the structure of the Stäubli TX-60 robot is shown in Fig. 5. The
transformation between the joint space and the Cartesian space of the robot is very
important since robots are controlled in the joint space, whereas tasks are defined
and objects are manipulated in the Cartesian space. The kinematic problem deals
with the analytical study of the relation between these two spaces. The kinematic
problem consists of two subproblems: the forward kinematics defined as the
transformation from the joint space to the Cartesian space and the inverse kine-
matics defined as the transformation from the Cartesian space to the joint space.

The Stäubli TX-60 robot is a RRR anthropomorphic type and the wrist consists
of three intersecting revolute axes, equivalent to a spherical joint. Specified link
frames and modified Denavit-Hartenberg parameters [6] are depicted in Fig. 5 and
Table 1.

1. Forward kinematics
The forward kinematic problem aims at determining the position and orientation

of the end effector given the values of the joint variables of the robot. Now to access
the kinematic equations, the transformation matrices are computed. The following
relation specifies the end effector condition with respect to the base.

T06 ¼ T01T12T23T34T45T56

Fig. 4 Model of the human’s
arm + tool under Vicon Nexus
software
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In order to simplify the problem, we consider here only the first three joints. The
operational coordinates of point TCP (XP, YP, ZP) are defined as follow:

XP ¼ sin q1 l4 sinðq2 þ q3Þ þ l2 sin q2½ � þ l3 cos q1
YP ¼ cos q1 l4 sinðq2 þ q3Þ þ l2 sin q2½ � � l3 sin q1
Zp ¼ l4 cosðq2 þ q3Þ þ l2 cos q2 þ l1 þ l5

8<
: ð1Þ

2. Inverse kinematics
The inverse problem consists of calculating the joint variables corresponding to a

given location of the end-effector. When it exists, the explicit form which gives all

Fig. 5 Denavit-Hartenberg
parameters of the Stäubli
TX-60 robot

Table 1 Denavit-Hartenberg
parameters of the Stäubli
TX-60 robot

Link Joint
offset

Joint
angle

Link
length

Twist
angle

1 l1 q1 0 0

2 0 q2 l2 � p
2

3 l3 q3 0 0

4 l4 q4 0 p
2

5 0 q5 0 � p
2

6 0 q6 0 p
2
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possible solutions (there is rarely uniqueness of solution) constitutes what we call
the inverse kinematic model. All possible solutions obtained for the inverse kine-
matic model given by the equation system (1) are given as follow.

With :
if q1 6¼ p

2 p½ �; �X ¼ XPþl2 sin q1
cos q1

else �X ¼ YP�l2 cos q1
sin q1

and �Z ¼ ZP � l1 � l5
A ¼ l4 cos q3 þ l3 and B ¼ l4 sin q3

�

3. Workspace and robot placement
In order to duplicate the tool movement, the coordinates of the TCP must be

inside the industrial robot workspace. This section is dedicated to the analytic
formulation of the robot workspace and the robot placement.

The robot workspace is depicted in Fig. 6. The orthogonal projections of the
workspace on the planes (o, x, y) and (o, x, z) allow to draw a simple geometric
representation based on elementary curves.

Let XP; YP; ZP be the coordinates of the TCP in the Cartesian space. The TCP is
inside the workspace if and only if the following conditions are fulfilled.

Eq1 ¼ X2
P þ Y2

P � l2m [ 0

Eq2 ¼ X2
P þ Y2

P � l2M\0

Eq3 ¼ ðXP � XO2Þ2 þ ðZP � ZO2Þ2 � ðl2 þ l4 þ l5Þ2\0

Eq4 ¼ ðXP � XO2Þ2 þ ðZP � ZO2Þ2 � l22 [ 0

Eq5 ¼ ZP � ZO2ð Þ tan q2min � XP � XO2ð Þ[ 0

where lm ¼ l2; lM ¼ l1 þ l2 þ l4 þ l5; q2min ¼ �135�:

O2 O
2

Fig. 6 The workspace of the Stäubli robot: q1 2 �90�; 90�½ �; q2 2 �135�; 0�½ �; q3 2 0�; 90�½ �
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In case of violation of these conditions, the adaptation algorithm is involved in
the aim to compute the displacement vector Dx;Dy;Dzð Þ, needed to satisfy the
workspace constraints.

4 Results

This section deals with an example of duplication of a human gesture. The joint
variables of the Stäubli robot are computed using the inverse kinematic model
detailed in Table 2. The configuration with elbow-down of the articulated arm is
considered here. Each curve of the joint variable is smoothed in order to limit the
speed and acceleration discontinuities.

Figures 7 and 8 present the corresponding TCP positions acquired using motion
capture and the obtained joint variables for the first three links of the Stäubli robot.
Figure 9 presents a screenshot for the experimental duplication of the human
motion by the robotic arm-hand set using the obtained joint variables (Fig. 8).

The first tests of human gesture duplication have shown good performance and
robustness of our open robotic command software: several real-speed human ges-
tures have been reproduced.

The only constraint imposed to the operator was to limit the wrist motion rel-
atively to the forearm since it proved difficult to integrate arbitrary tool orientation
in our control scheme. This restriction will be removed in future developments.

0

0

0

0

0

0

0

TCP positions

Workspace in xy plane Workspace in xz plane

Fig. 7 TCP positions
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5 Conclusions

This paper presented an integrated approach to the problem of reproducing a human
hand or toolmotion taskwith a robot. Themethodology introduced here has four steps:
record the tool motion with a motion capture system, extract the tool center point
trajectory, adapt themotion to the robot workspace and compute the temporal series of
joint coodinates for the robotic arm+ hand system. Themotion can then be played on a
robot with an open controller by imposing cyclic joint position commands. The whole
process has been successfully implemented onRoBioSSPprime scientific platforms: a
Vicon Nexus motion capture system and a newly designed arm-hand robot.

Futureworkon this subjectwill consist in improving the robustness of themethod in
terms of controlling the tool orientation in space and of being able to reproduce tasks
performed by a larger variety of human operators.We are also planning to introduce a
validation step dedicated to the compliance of the motion to be reproduced and ensure
that can be supported by the mechanical limits of the robot.
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Dynamic Decoupling of Adjustable Serial
Manipulators Taking into Account
the Changing Payload

J.L. Xu, V. Arakelian and J.-P. Le Baron

Abstract This paper deals with the problem of dynamic decoupling of adjustable
serial manipulators with changing payload. Without payload, this kind of manip-
ulator can accomplish the dynamic decoupling via opposite rotation of links and
optimal redistribution of masses. However, the introduction of the changing pay-
load leads to the perturbation of dynamic decoupling of the manipulator. In order to
eliminate such a perturbation, the optimal control design is discussed. The proposed
approach, which is a symbiosis of mechanical and control solutions, improves the
known design concepts permitting the dynamic decoupling of serial manipulators
taking into account the changing payload. The efficiency of the proposed technique
is evaluated by using MATLAB software.

Keywords Mechatronic design � Serial manipulators � Decoupled dynamics �
Adjustable mechanisms

1 Introduction

It is known that the dynamic model of a robot manipulator is usually described by a
set of nonlinear, highly coupled differential equations. The complicated dynamics
results from varying inertia, interactions between the different joints, and nonlinear
forces such as Coriolis and centrifugal forces. Nonlinear forces cause errors in
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position response at high speed, and have been shown to be significant even at slow
speed [1]. Thus, the dynamic decoupling of robot mechanisms has attracted
researchers’ attention and different solutions have been proposed [2–4].

In recent study [5], the problem of dynamic decoupling of 2-DOF adjustable
serial manipulators has been discussed. The cancellation of the coefficients of
nonlinear terms in the manipulator’s kinetic has been achieved by adding to the
initial architecture with adjustable lengths of links a double Scott-Russell mecha-
nism [6] combined with the identical and opposite rotations of manipulator’s links,
i.e. €h1 ¼ �€h2 (Fig. 1).

When the second link of the adjustable serial manipulator is statically balanced,
i.e. lBS2 ¼ 0 (Fig. 1) and the gravitational force is perpendicular to the motion plane
xOy, the equations of motion can be written as:

s1
s2

� �
¼ IS2 þ IS1 þ m1l2AS1 þ m2l21 IS2

IS2 IS2

� �
€h1
€h2

� �
¼ aþ b a

a a

� �
€h1
€h2

� �
ð1Þ

where, a ¼ IS2;b ¼ IS1 þ m1l2AS1 þ m2l21; IS1 is the axial moment of inertia of link 1
relative to the centre of mass S1 of link 1; IS2 is the axial moment of inertia of link 2
relative to the centre of mass S2 of link 2; m1;m2 are the masses of links 1 and 2;
lAS1 is the distance between the centre of mass S1 of link 1 and joint centre A; lBS2 is
the distance between the centre of mass S2 of link 2 and joint centre B; €h1 is the
angular acceleration of link 1 relative to the base; €h2 is the angular acceleration of
link 2 relative to link 1;

From these equations it follows that

if: €h1 ¼ �€h2
s1 ¼ b€h1
s2 ¼ 0

(
ð2Þ

i.e. the dynamic equations are decoupled and the second actuator torque is
cancelled.

Fig. 1 The 2-DOF adjustable
serial manipulator with
decoupled dynamics
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2 Dynamic Decoupling Taking into Account the Payload

The mentioned dynamic decoupling of the equations of motion corresponds to the
manipulator without payload. However, it is obvious that the changing payload
creates the variable loads on the actuators, which are also nonlinear.

s1 ¼w ð h2 Þ €h1 þ c2 þ b ð h2 Þ½ � €h2 � 2a ð h2 Þ _h1 _h2 � a ð h2 Þ _h22
s2 ¼ c2 þ b ð h2 Þ½ � €h1 þ c2€h2 þ a ð h2 Þ _h21

8<
: ð3Þ

where,

a ð h2 Þ ¼ M2l1lBS2 sin ð h2 Þ; b ð h2 Þ ¼ M2l1lBS2 cos ð h2 Þ;
w ð h2 Þ ¼ c1 þ c2 þM2l

2
1 þ 2b ð h2 Þ;

c1 ¼ IS1 þ m1l
2
AS1

� �
; c2 ¼ IS2 þM2l

2
BS2

� �

with M2 ¼ m2 þ Dm and lBS2 ¼ Dm
m2þDm

l2, Dm is the mass of the payload.
Thus, the introduction of the payload leads to an unbalance of the second link of

the manipulator. According to proposed solution mentioned above, the dynamic
equations can be rewritten as:

s1 ¼ IS1 þ m1l
2
AS1 þ m2l

2
1

� �
€h1 þ Dml1 l1 þ l2 cos ð h2 Þ½ � €h1

� Dml1l2 sin ð h2 Þ½ � _h1 _h2
s2 ¼Dml1l2 cos ð h2 Þ €h1 þ sin ð h2 Þ _h21

h i

8>><
>>:

ð4Þ

It is obvious that, the torques of actuators are great simplified, but they are still
not completely decoupled. Compared with Eq. (2), the payload compensation can
be obtained by:

Ds1 ¼Dml1 l1 þ l2 cos ð h2 Þ½ � €h1 � Dml1l2 sin ð h2 Þ _h1 _h2
Ds2 ¼Dml1l2 cos ð h2 Þ €h1 þ sin ð h2 Þ _h21

h i
8<
: ð5Þ

3 Computer Simulation of Example Study

In order to evaluate the performance of the proposed technique, the simulations
with payload compensation and without payload compensation are performed.

First, to demonstrate the influence of the payload compensation, the open-loop
control system, which is a non-feedback system, is used.
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3.1 Open-Loop Control System

The open-loop control law can be written as:

s1ðtÞ ¼ðaþ bÞ €h1RðtÞ þ a€h2RðtÞ þ Ds1R

s2ðtÞ ¼a€h1RðtÞ þ a€h2RðtÞ þ Ds2R

(
ð6Þ

where, the payload compensation is given by:

Ds1R ¼ Dml1 l1 þ l2 cos ð h2R Þ½ �€h1R � Dml1l2 sin ð h2R Þ _h1R _h2R
Ds2R ¼ Dml1l2 cos ð h2R Þ €h1R þ sin ð h2R Þ _h21R

h i
8<
: ð7Þ

with

h1RðtÞ ¼hi1 þ h f
1 � hi1

� � t
T

� �3
10� 15

t
T

� �
þ 6

t
T

� �2
� �

h2RðtÞ ¼ hi2 þ h f
2 � hi2

� � t
T

� �3
10� 15

t
T

� �
þ 6

t
T

� �2
� �

8>>><
>>>:

ð8Þ

where, T is the amount of time taken to execute the trajectories, 0� t� T . And the
_h1R; _h2R; €h1R; €h2R can be obtained by continuous derivation.

The initial and final positions of the manipulator are: hi1 ¼ 0:576; hi2 ¼ 0 and

h f
1 ¼ 1:92; h f

2 ¼ �1:344. The trajectories h1Rðt) and h2RðtÞ are functions of time

such that h1Rð0Þh2Rð0Þ½ �T¼ hi1 hi2
� �T

and h1RðT) h2RðTÞ½ � ¼ h f
1 h f

2

h iT
. Since the

trajectories are parameterized by time, we can obtain velocities and accelerations
along the trajectories by differentiation.

As h f
2 ¼ hi1 þ hi2 � h f

1 ) €h2RðtÞ ¼ �€h1RðtÞ et _h2RðtÞ ¼ � _h1RðtÞ
For T ¼ 1 s and Dm ¼ 1 kg, the responses with MATLAB software of the

manipulator given for illustration in Sect. 3, are presented in Figs. 2 and 3.
The dashed curves show the torques and the angular displacements of the

manipulator without payload compensation and the solid curves show the same
parameters with payload compensation. It can thus be seen that there are errors
between these two cases. With payload compensation, both links of the manipulator
can rotate exactly to the target angles. However, without payload compensation, the
errors of angular displacements of links 1 and 2 are respectively 39 % and 16.5 %.
The effect of feed forward control taking into account the payload is verified. Thus,
in the case without payload compensation, a feedback control is needed to reduce
the errors.
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3.2 Closed-Loop Control System

The closed-loop control law can be written as:

s1ðtÞ ¼ðaþ bÞ €h1RðtÞ þ a€h2RðtÞ þ Ds1R

� g11 ðaþ bÞ _h1ðtÞ � _h1RðtÞ
h i

þ a _h2ðtÞ � _h2RðtÞ
h ih i

� g12 ðaþ bÞ h1ðtÞ � h1RðtÞ½ � þ a h2ðtÞ � h2RðtÞ½ �½ �
s2ðtÞ ¼a€h1RðtÞ þ a€h2RðtÞ þ Ds2R

� g21 a _h1ðtÞ � _h1RðtÞ
h i

þ a _h2ðtÞ � _h2RðtÞ
h ih i

� g22 a h1ðtÞ � h1RðtÞ½ � þ a h2ðtÞ � h2RðtÞ½ �½ �

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð9Þ

Fig. 2 Torques with payload compensation (solid line) and without it (dashed line)

Fig. 3 Angular displacements of links with payload compensation (solid line) and without it
(dashed line) for the open-loop system of equilibrium model
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where,Ds1Rðt) and Ds2Rðt) are given by the Eq. (7).
The constant gain elements g11; g12; g21 and g22 are obtained by an optimal

pole-placement design through state feedback. The state space representation of the
2-DOF adjustable serial manipulator, which is statically balanced, will be written as:

_h1
€h1
_h2
€h2

2
664

3
775 ¼

0 1 0 0
0 0 0 0
0 0 0 1
0 0 0 0

2
664

3
775

h1
_h1
h2
_h2

2
664

3
775þ

0 0
1
b � 1

b
0 0

� 1
b

1
a þ 1

b

2
664

3
775 s1

s2

� �
ð10Þ

The controllable canonical form is given by two independent subsystems as
follows:

ðaþ bÞ €h1 þ a€h2
ðaþ bÞ _h1 þ a _h2

" #
¼ 0 0

1 0

� � ðaþ bÞ _h1 þ a _h2
ðaþ bÞ h1 þ ah2

" #
þ 1

0

� �
s1

a€h1 þ a€h2
a _h1 þ a _h2

" #
¼ 0 0

1 0

� �
a _h1 þ a _h2
ah1 þ ah2

" #
þ 1

0

� �
s2

8>>>>><
>>>>>:

ð11Þ

A double integrator u
:: ðtÞ
_uðtÞ

� �
|fflfflfflffl{zfflfflfflffl}

_xðtÞ

¼ 0 0
1 0

� �
|fflfflfflfflffl{zfflfflfflfflffl}

A

_uðtÞ
uðtÞ

� �
|fflfflfflffl{zfflfflfflffl}

xðtÞ

þ 1
0

� �
|ffl{zffl}

B

uðtÞ is completely

controllable.

We seek uðtÞ that minimize the cost J ¼ R1
0

xTðtÞQxðtÞ þ u2ðtÞ½ � dt where the

matrix Q is based on the controllability grammien defined by:

Gcð0; TpÞ ¼
ZTp

0

eAtBBTeA
T t

h i
dt

The matrix Q ¼ TpGcð0; TpÞ
� ��1

is symmetric and positive definite. The
parameter Tp assume that poles of closed-loop system may be placed, in the S
plane, at the left of the vertical straight with the abscissa � 1

Tp
.

The linear quadratic controller is unique, optimal uðtÞ ¼ �GxðtÞ, full state
feedback control law with G ¼ BTR that minimizes the cost J.

The matrix R is the unique, symmetric, positive definite solution to the algeric
Riccati equation: ATRþ RA� RBBTRþ Q ¼ 0. As a result,

g11 ¼ g12 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ffiffiffi

3
pp

TP
; g21 ¼ g22 ¼ 2

ffiffiffi
3

p

T2
P
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Then the closed-loop characteristic polynomial is:

PðsÞ ¼ s2 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ffiffiffi

3
pp

TP
sþ 2

ffiffiffi
3

p

T2
P

If PðsÞ ¼ s2 þ 2fxnsþ x2
n, we have: xn ¼

ffiffiffiffiffiffiffi
2
ffiffi
3

pp
TP

and f ¼
ffiffiffiffiffiffiffiffiffi
1þ ffiffi

3
pp ffiffiffiffiffiffiffi

2
ffiffi
3

pp ¼ 0:89

For T ¼ 1 s; Tp ¼ 0:2 s and Dm ¼ 1 kg, the responses with MATMAB soft-
ware are presented at Figs. 4 and 5.

As in the previous case, the dashed curves show the torques and the angular
displacements of the manipulator without payload compensation and the solid
curves show the same parameters with compensation. Like in previous simulations,
the payload compensation allows an exact reproduction of manipulator motions. In

Fig. 5 Angular displacements of links with payload compensation (solid line) and without it
(dashed line) for the closed-loop system of equilibrium model

Fig. 4 Torques with payload compensation (solid line) and without it (dashed line) for the
closed-loop system of equilibrium model
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comparison with these results, the errors of angular displacements of links 1 and 2
without payload compensation (Fig. 4 and 5) are not more than 2 %. Thus, the use
of the feedback can further reduce the errors which are caused by eliminating the
payload compensation.

4 Conclusions

The serial manipulator with adjustable lengths of links studied in previous work can
accomplish the dynamic decoupling via opposite rotation of links and optimal
redistribution of masses. However, it is obvious that the introduction of the
changing payload leads to the perturbation of the dynamic decoupling of the
manipulator. To ensure linearized and decoupled dynamics of the manipulator for
changing payload, an optimal control technique is applied.

As a result, the complete dynamic decoupling of the manipulator taking into
account the changing payload is accomplished. In order to evaluate the efficiency of
the proposed technique, the simulations with payload compensation and without
payload compensation are performed with open-loop control system which is a
non-feedback system and closed-loop control system. The obtained results, carried
out by using MATLAB software, have showed the efficiency of the proposed
solution.

Finally, it should be noted that the proposed design concept relative to other
solutions permits to create manipulators with decoupled dynamics by a relatively
small increase in the total mass of the moving links and it takes into account the
changing payload. Such a solution can find a wide application in the design of
fixed-sequence manipulators for a precise reproduction of gripper motions.
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