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Preface for the special issue of the JoMaC dedicated to the 21st edition of 
the Workshop on Robotics in Alpe-Adria-Danube Region, RAAD 2013 

 
The aim of the International Journal of Mechanisms and Control (JoMaC) is to present and promote the 

latest scientific achievements in the fields of mechanism, control systems and complex structures. Starting from 
2003, nearly every year one issue of the International Journal of Mechanics and Control has been devoted to 
selected papers from the annual RAAD workshop. 

The RAAD workshops started in 1992 when we realized that enhancing international cooperation, focusing 
on neighboring countries and unifying resources was important. 

And it is also becoming more and more important today.  Since then RAAD workshop has been each year 
organized in one of the countries in the Alpe-Adria-Danube region: 1992 Portorož (Slovenia), 1993 Krems 
(Austria), 1994 Bled (Slovenia), 1995 Pörtschach (Austria), 1996 Budapest (Hungary), 1997 Cassino (Italy), 
1998 Smolenice (Slovakia), 1998 Munich (Germany), 2000 Maribor (Slovenia), 2001 Vienna (Austria),  2002 
Balatonfüred (Hungary), 2003 Cassino (Italy), 2004 Brno (Czech Republic), 2005 Bucharest (Romania), 2006 
Balatonfüred (Hungary), 2007 Ljubljana (Slovenia), 2008 Ancona (Italy), 2009 Brasov (Romania), 2010 
Budapest (Hungary), 2011 Brno (Czech Republic), 2012 Naples (Italy), and in 2013 in Portorož (Slovenija). 

The thrust of research in the field of robotics has gradually moved from classical industrial applications to 
the challenging areas of service and humanoid robotics. Globalization forces us to intensify the cooperation 
between researchers and developers in all fields of their activities, something that is especially important for 
small neighborhood countries. Here, the RAAD conferences play an important role for the community in the 
Alpe-Adria-Danube Region. 

The RAAD conference got its name from the geographical region Alpe-Adria-Danube, but was never meant 
to be limited to participants coming solely from this region.  This year, we had 50 papers from researchers who 
come from 20 different countries, which were accepted for publication in the Proceedings of the RAAD 2013. 
The topics coincide with the contemporary trends in robotics as well as with the RAAD tradition. 

According to the tradition, we have prepared a special issue of the 22nd International Workshop on 
Robotics in the Alpe-Adria-Danube Region, RAAD 2013, organized in Pororož, Slovenia. The selection of the 
contributed papers is a result of a careful reviewing process among the best presented papers, which fit the scope 
of the journal.  This special issue brings the latest results from mechatronic design, advanced control, medical 
and rehabilitation robotics, and covers many challenges from contemporary service and humanoid robotics. We 
are convinced the readers will find this selection of excellent papers valuable and inspiring. We also believe that 
this special issue will promote future RAAD conferences and enhance international cooperation and scientific 
dissemination in Alpe-Adria-Danube region and abroad. 

 
Finally, we would also like to express our gratitude to everybody who contributed to this event, especially 

the RAAD International Scientific Committee for the support and help both in the organization of the Workshop 
as well as in the paper selection for this journal special issue: 

 Nikos A. Aspragathos, University of Patras, Greece 
 Theodor Borangiu, Univ. Bucharest, Romania  
 Marco Ceccarelli, University of Cassino, Italy 
 Karol Dobrovodsky, Academy of Sciences, Slovakia 
 Carlo Ferraresi, Polytechnic of Turin, Italy 
 Stefan Havlik, Academy of Sciences, Slovakia 
 Nick Andrei Ivanescu, Univ. Bucharest, Romania 
 Roman Kamnik, University of Ljubljana, Slovenia 
 Gernot Kronreif, Integrated Microsystems, Austria 
 Ivan Petrović, University of Zagreb, Croatia 
 Doina Pîslă, Univ. of Cluj‐Napoca, Romania 
 Aleksandar Rodić, Mihajlo Pupin Institute, Serbia 
 Andreja Rojko, University of Maribor, Slovenia 
 Cesare Rossi, University of Napoli, Italy 
 Imre J. Rudas, Óbuda University, Budapest, Hungary 
 Leon Žlajpah, Jožef Stefan Institute, Slovenia 

 
RAAD 2013 conference chairs 
 

Bojan Nemec 
Leon Žlajpah 
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WALKING WITH ADAPTIVE OSCILLATOR  
AND DYNAMIC MOVEMENT PRIMITIVES 

Tadej Petrič* Leon Žajpah*  Gianluca Garofalo** Christian Ott** 
 

* Department for Automation, Biocybernetics and Robotics, Jožef Stefan Institute (JSI), Ljubljana, Slovenia 

** Institute of Robotics and Mechatronics, German Aerospace Center (DLR), Wessling, Germany 
 
 

ABSTRACT 
 

In this paper we address the problem of generating a stable periodic walking pattern for a 
biped robot. We propose a novel control framework based on adaptive oscillator combined 
with dynamic movement primitives. The proposed control system is a multi-step process, 
where in the first step the system learns a dynamic walking trajectory. The learning is based 
on a control actions derived from a spring loaded inverted pendulum dynamics, which is a 
biomechanically inspired template model for generating running and walking gaits. The 
learning process is done in real time and it is completely autonomous. After learning, the 
periodic walking pattern is executed with a low gain feedback controller combined with 
feed forward torque/force control signals. This generates a stable walking pattern with 
properties such as compliant behaviour and smooth interaction with unstructured 
environment. Compared with the SLIP walking control the proposed approach is more 
robust since it can produce stable walking patterns on a wider interval and it allows smooth 
modulation of forward walking velocity. 

Keywords: adaptive oscillators, learning, dynamic walking, dynamic movement primitives 

 

1  INTRODUCTION 

The interest of building robots that can help humans in 
every day’s life is becoming increasingly popular. There are 
already many commercially available robots in the market, 
specialised for housecleaning [1] or entertainment [2]. With 
a rapid development of such robotic technology, the interest 
of building versatile robots capable of autonomous learning 
is becoming more and more popular. The ability of learning 
new skills is one of the important issues that future robot 
companions will have to possess [3]. 
In the last decade many algorithms for machine learning 
were proposed and adopted in robotics. Their ability to 
learn complex models makes them a powerful tool, 
especially for learning the properties of the system. Their 
performance has been shown for learning kinematics [4], 
dynamics [5], locomotion [6] or even for playing the ball-
in-a-cup game [7]. Although all these algorithms can learn 
different task properties their main shortcoming is that a 
large database or a long learning period is required so that 
they operate properly. 
 

Contact author: Tadej Petrič 

Email: tadej.petric@ijs.si 
Jamova cesta 39, 1000 Ljubljana, Slovenia 

 
 
Special branch of learning algorithms are the biologically 
inspired methods. An extensive review for a computational 
mechanism of sensorimotor control, which covers methods 
from optimal feedback control [8] to the forward models 
and predictive control [9], was recently published by 
Franklin and Wolpert [10]. Another area of biologically 
inspired robotic control is the use of central pattern 
generators for control of periodic tasks [11]. Central pattern 
generators are neural circuits capable of producing 
coordinated patterns while receiving only simple input 
signals [12]. Their applicability was shown on a robotic 
salamander [12] and in locomotion [13]. 
The main contribution of this paper is a novel control 
framework, which combines biomechanically inspired 
central pattern generators with dynamic movement 
primitives for trajectory and corresponding control signal 
generation. The proposed framework is an extension of a 
two-layered system presented in [14], [15]. Here we 
augmented the two-layered system with an additional set of 
layers for learning the commanded signals for the periodic 
task.  
To show the applicability of the proposed system we learn 
the dynamics of a bipedal spring loaded inverted pendulum 
(biSLIP) [16] applied to the multi-body system as shown in 
[17]. The biSLIP dynamic model is a biomechanical 
template for describing walking and running motions. The 
motivation for utilizing the biSLIP biomechanical model as 
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method, which incrementally updates the approximated 
models in real-time. The proposed control system 
framework is an extension of our previous work described 
in [14], [15]. The block scheme of the proposed control 
system is shown in Figure 6. 
 

 
Figure 6 Block diagram of the proposed control system, 

where SE is the state estimator and C is the control 
feedback gain. 

 
Here, instead of mapping complete dynamical models to the 
multi-body system, we use a set of layers based on dynamic 
movement primitives that learns the specific task 
trajectories and corresponding control signals. After 
learning, these trajectories with corresponding control 
signals are executed. This further allows natural compliant 
behaviour while maintaining sufficient tracking accuracy of 
the desired movement. With the natural compliance we 
denote the structural compliance of the mechanism, i.e. the 
compliance of the mechanism when the actuator torque is 
zero. The main advantage of the proposed control 
architecture is essentially the model free approach. 
The stepping process of the algorithm is as follows.  In the 
first step, the goal is to learn motion trajectories and 
corresponding control signals and in the second step these 
trajectories with corresponding control signals are executed. 
Different techniques exist for learning of the desired 
motion, e.g., the use of kinesthetic guidance [22], haptic 
interfaces [23], motion capture systems [24], or using 
models [25], etc. In the example presented in this paper, 
biSLIP model template was used in the learning phase. 
To learn a periodic behaviour, a combination of adaptive 
oscillator and dynamic movement primitives was used. In 
our previous work [14], [15], [26], we explained that the 
adaptive oscillator can be used to extract the basic 
frequency from the demonstrated periodic movement and 
that DMPs can learn the waveform at the same time. It was 
also shown that imitating the desired waveform at an 
arbitrary frequency is possible. 
Here the multi-layered movement imitation system consists 
of an adaptive oscillator (first layer) combined with output 
dynamical system (second and third layer) based on 
dynamic movement primitives denoted by ܯܦ ௧ܲሺΩ, ߶ሻ, 
where subscript t denotes the task trajectory for the second 
layer and  by ܯܦ ௙ܲሺΩ, ߶ሻ where subscript f denotes the 
control signals trajectories for the third layer. Note that the 
following equations are valid for one degree of freedom 
(DOF). For multiple DOFs these equations can be used in 
parallel. 
The first layer, also called the state estimator, is based on an 
adaptive frequency oscillator combined with an adaptive 

Fourier series [15]. It is a second order system consisting of 
differential equations given by 

 
where Ω is the extracted frequency, ߶ is the phase, K is the 
coupling constant and e is the difference between actual 
CoM position ீݔ and estimated ݔොீ CoM position, which is 
given by 

 
Here, m is the size of the Fourier series. The weights ߙ௖ and 
 ௖ are updated according to the following learning ruleߚ

 
where ߟ is the learning constant (see [15] for details). In 
this paper, the size of the Fourier series is m=10. 
 
Augmenting the state estimator by anchoring the DMPs to 
the phase signal ߶ of the adaptive oscillator as in [14], [15] 
makes it possible to synchronize an arbitrary trajectory to 
an arbitrary periodic signal congruent with the desired task. 
Since the phase estimation and learning of the desired 
trajectory are done simultaneously, all system delays are 
automatically included [27]. The basic equations for 
dynamic movement primitives are summarized from [26], 
[28], [29]  

 
where ߙ௭ and ߚ௭ are the positive constants, which 
guarantee, that the system monotonically converges to the 
desired trajectory, and f is the nonlinear part that determines 
the shape of the trajectory given by 

 
where r is the parameter for amplitude modulation and ߰ 
are Gaussian like kernel functions given by 

 
Here, h is the width and ܿ௜ is the distribution on one period. 
If not stated otherwise, we use ܿ௜, i=1,…,25 and they are 
equally spread between 0 and 2ߨ. 
 
By applying locally weighted regression, the system learns 
the shape of the trajectory on-line. The equations are 
summarized from [26], where the target trajectory is 
governed by 

 
To update the amplitude of the kernel function ߰௜ we use 
recursive least-squares method with forgetting factor ߣ. The 

 ߶ሶ ൌ Ω െ ݁ܭ sinሺ߶ሻ, (11) 
 Ωሶ ൌ െ݁ܭ sinሺ߶ሻ, (12) 

ොீݔ  ൌ෍ሺߙ௖ cosሺܿ߶ሻ ൅ ௖ߚ sinሺܿ߶ሻሻ
௠

௖ୀ଴

. (13) 

ሶ௖ߙ  ൌ ߟ cosሺܿ߶ሻ݁, (14) 
ሶ௖ߚ  ൌ ߟ sinሺܿ߶ሻ ݁, (15) 

 ሶܾ ൌ Ωሺߙ௭ሺߚ௭ െ ܽ െ ܾሻ ൅ ݂ሻ, (16) 
 ሶܽ ൌ Ωܾ, (17) 

 ݂ ൌ
∑ ߰௜ݓ௜ݎ
ே
௜ୀଵ

∑ ߰௜
ே
௜ୀଵ

, (18) 

 ߰௜ ൌ ݁௛ሺୡ୭ୱሺథି௖೔ሻିଵሻ	, (19) 

 ௧݂ ൌ
ሷ࢞ ீ
Ωଶ

െ ௭ߙ ൬ߚ௭ െ ீ࢞ െ
ሶ࢞ ீ
Ω
൰. (20) 
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forgetting factor was set prior to 0.995 = ߣ. With a given 
goal (20), the recursive algorithm is updating the weights 
 ௜ using the following ruleݓ

 
If not stated otherwise, we use ݓ௜ሺ0ሻ = 0 and ௜ܲሺ0ሻ =1, 
where i=1,…,25. 
For the third layer ܯܦ ௙ܲሺΩ, ߶ሻ, equations for encoding and 
learning are similar as for the second layer	ܯܦ ௧ܲሺΩ, ߶ሻ. 
The difference between ܯܦ ௧ܲሺΩ, ߶ሻ and ܯܦ ௙ܲሺΩ, ߶ሻ is 
that instead of learning the target function (20) for 
ܯܦ ௧ܲሺΩ, ߶ሻ, we learn the target function given as 

 
where ࣎௙ is the commanded torque/force signal. By 
learning the control torque, which is generated as the 
combination of the operational space and biSLIP model, the 
system essentially learns the corresponding inverse 
dynamics  ࣎௙ along the executed CoM trajectory ீ࢞

ௗ . 
After the learning phase, the movement trajectory ீ࢞

ௗ  and 
the corresponding torque/force control signal ࣎௙ are 
executed at the desired frequency Ωௗ. The controller used 
for executing the motion is given by 

 
where C is the feedback gain and ܯܦ ௙ܲሺΩ, ߶ሻ represents 
the feedforward torques that correspond to the biSLIP 
behaviour model. 
 
 
5  SIMULATIONS 
 
In this section we applied the proposed control approach to 
a five linked four DOF planar robot. The robot parameters 
are given in a Table 1. We used the same parameters as in 
[17]. 
 

Table 1 - Parameters for the multi-body planar robot. 

 Shank Thigh Trunk 

Mass – [kg] 5 5 60 

Length – [m] 0.48 0.48 0.48 

Inertia – [kg mଶ] 0.01 0.01 1 

 

To evaluate the performance of the proposed system we 
used the same stability analysis, i.e. the Poincaré map, as in 
[17].  Here we also assume that if the angle of attack and 
the walking velocities are constant then the energy is kept 
constant as well. To keep the walking velocity constant, 
while using the proposed approach, we modulated the 
amplitude of the ܯܦ ௙ܲሺΩ, ߶ሻ by using the amplitude 
parameter r. The amplitude is updated based on the 
following control law 

 
where ܥ௩ was experimentally set to 100 and the initial 
condition for ݎ଴ was set to 1. The simulated results are 
shown in Figure 7. As we can see the control system can 
easily track the desired forward walking velocity ݔሶீ,௬

ௗ . We 
can also see that it goes beyond the limits of the biSLIP 
model. The limits are indicated with the dotted red lines. 
For the exact limits see Figure 2. 

In Figure 8 we show the behaviour of the proposed control 
system on the Poincaré map. The map corresponds to the 
same simulation as in Figure 7. Therefore, there is no 
unique fixed point because the desired forward velocity 
ሶீ,௬ݔ
ௗ  was changing. However, we can see that there are 

some groups of fixed points to which the controller 
converges while it is in certain state, i.e. when the velocity 
was kept constant. For example, red dots indicate the last 
state from 50 s to 60 s. The simulation sequence of the 
robot model with the proposed control system is shown in 
Figure 9. 
 

 
Figure 7 Walking with the desired forward velocity using 

the proposed approach. In the first 6 seconds a model based 
control as in [17] was used for learning the task trajectories 

 ሺષ,ࣘሻ and corresponding control signals࢚ࡼࡹࡰ
 ሺષ,ࣘሻ. After 6 s the model based control wasࢌࡼࡹࡰ

abruptly switched to the DMP based controller. The blue 
line shows the desired forward walking velocity and the 

grey line shows the average forward walking velocity. The 
light grey area is the standard deviation. The dotted blue 

lines show the walking velocity limits of the biSLIP model. 
 
 

ݐ௜ሺݓ  ൅ 1ሻ ൌ ሻݐ௜ሺݓ ൅ ߰௜ ௜ܲሺݐ ൅ 1ሻݎሺݐሻ݁௥ሺݐሻ, (21) 
 ݁௥ሺݐሻ ൌ ௧݂ሺݐሻ െ  ሻ, (22)ݐሺݎሻݐ௜ሺݓ

 ௜ܲሺݐ ൅ 1ሻ ൌ
1
ߣ
ሺ ௜ܲሺݐሻ െ

௜ܲሺݐሻଶݎሺݐሻଶ

ߣ
߰௜
൅ ௜ܲሺݐሻݎሺݐሻଶ

, (23) 

 ௧݂ ൌ
ሷ௙࣎
Ωଶ

െ ௭ߙ ൬ߚ௭ െ ௙࣎ െ
ሶ௙࣎
Ω
൰, (24) 

 
࣎ ൌ ۸∗்ሺ઩∗࡯ሺܯܦ ௧ܲሺΩ, ߶ሻ െ ሻீ࢞ ൅ ∗ࣆ

൅ ሻ∗࢖ ൅ ܯܦ ௙ܲሺΩ, ߶ሻ
൅ ሶ࢞∗۸௧∗ۼ ௧. 

(25) 

ሶݎ  ൌ ሶீ,௬ݔ௩൫ܥ
ௗ െ  ሶீ,௬൯, (26)ݔ
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Figure 8 Poincaré section of the multi-body model 

controlled with the proposed approach. 

 
Figure 9 A sequence of photos shows a performance of the 
proposed approach in simulation. The green line shows the 

movement of the CoM. 
 
 

6  CONCLUSION 
 
We proposed a new control framework for learning the task 
trajectory and the corresponding control signal. The 
proposed control was applied to a five link planar walking 
robot, where we show that the system can learn the 
enforced dynamics based on the biSLIP model template. 
After a short learning phase, the system was also able to 
maintain the stable limit-cycle behaviour of the multi-body 
robot.  Furthermore, with the proposed approach we could 
control the forward walking velocity in the area which 
cannot be achieved by using the biSLIP model. Note that 
the biSLIP model can produce a stable limit-cycle only in  
certain regions. With the Poincaré section map we also 
show that the proposed control converges to a fixed point, 
which proves that the proposed control system produces a 
stable limit cycle. In future, our plans are to investigate how 
to further exploit the walking region concerning the 
forward velocity, i.e. walking with slower forward velocity. 
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ABSTRACT 
 

In this paper, design and kinematic analysis of a novel leg with a tripod mechanism is 
presented for biped robots. The configuration of the proposed tripod mechanism has been 
determined to make the moving platform possess pure translational motion. Kinematics 
analysis has been formulated for a characterization and evaluation of performances. A 3-D 
model has been elaborated in SolidWorks® both for design and simulation purposes. 
Simulation results show that the proposed mechanism is able to perform movements of a 
human-like gait trajectory with suitable motion capability, flexibility, and operation 
performances 

Keywords: Biped Robots, Leg Mechanisms, Tripod Mechanisms, Human-like Walking Foot Step. 

 

1  INTRODUCTION 

The development of biped robots is a hot topic that has 
attracted interests of many research communities in the past 
decade [1]-[2]. Biped robots have higher mobility and 
better obstacle crossing ability, with respect to conventional 
wheeled and crawler-type robots, especially when moving 
in rough or unconstructed environment [3].  
Compared with serial architecture, parallel architecture is 
well known for having better performances in terms of 
dynamic performance, accuracy, ratio of payload to own 
weight and has been widely studied both in industry and 
academia [4][5].  Furthermore, in the field of leg designs 
for biped robots, Ota [6] and Sugahara [7] have proposed to 
use a Gough-Stewart parallel mechanism for leg modules. 
In particular, in November 2003 WL-16 (Waseda Leg-
No.16) had achieved world first dynamic biped walking by 
carrying an adult human and the latest version of this biped 
robot is currently WL-16RV [8]. However, the typical 
Stewart-based hexapods suffer from some disadvantages, 
e.g., reduced workspace, difficult mechanical design, 
complex direct  
kinematics and control algorithms. Ceccarelli and Carbone  

 
 
[9] have investigated the possibility of using parallel 
manipulator architectures with less than six degrees of 
freedom for leg design in legged walking robots as inspired 
from the leg human muscular system. In addition, parallel 
manipulators with 3-DOF, have been widely investigated 
for relevant applications [10], and they have simpler 
structure and kinematics, larger workspace, and more 
convenient control with respect to hexapods. Nevertheless, 
the potentiality of parallel architectures for leg designs has 
not been fully investigated, since no other designs have 
been proposed with efficient prototypes in the literature or 
in lab environments. Most of the existing biped robots are 
based on leg designs with human-like architectures by 
using serial chain solutions, such as ASIMO, NAO, HUBO, 
HRP-4 [13]. 
In this paper, a novel leg design has been proposed by 
using a tripod mechanism for biped robots. Configuration 
and kinematic analysis of the proposed architecture have 
been determined and formulated for characterization and 
evaluation of performances, respectively. A three-
dimensional (3-D) model has been elaborated in 
SolidWorks® environment with low-cost easy-operation 
high-payload features. Based on a human-like gait 
trajectory, kinematic simulation of the designed model has 
been carried out in SolidWorks® environment to 
characterize and to evaluate the operation performances of 
the proposed tripod mechanism for biped robots. 

Contact authors: Mingfeng Wang, Marco Ceccarelli. 

Email: {wang, ceccarelli}@unicas.it 
Address: Via Di Biasio 43, 03043, Cassino (Fr), Italy. 
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2  CONFIGURATION AND KINEMATICS 

For further characterization and evaluation of the proposed 
tripod mechanism for biped robots, configuration and 
kinematics are determined and formulated in this section. 
The proposed architecture of a tripod mechanism is a 3-
UPU parallel manipulator, as shown in Figure 1. This 
manipulator consists of a fixed base (waist), a moving 
platform (foot), and three extensible limbs of identical 
kinematic structure. Each limb connects the fixed base to 
the moving platform by a prismatic joint and two universal 
joints (U-joint) at each end. A linear actuator has been 
adopted to drive each prismatic joint. Hence, there are eight 
links connected by six U-joints and three prismatic joints, 
and the degrees of freedom of the mechanism can be 
calculated as 
 

     
1

6 1 6 8 9 1 6 2 3 1 3
j

i
i

F n j f


              (1) 

  
Since the joint degrees of freedom of each limb are equal to 
five, each limb provides one constraint to the moving 
platform. As shown in Figure 1, the U-joints in each limb 
are arranged with two outer revolute joint axes parallel to 
each other and the two inner revolute joint axes also 
parallel to one another, so that each limb provides one 
rotational constraint to the moving platform. A combination 
of three limbs completely constrains the moving platform 
from any instantaneous rotation. Hence, if the constraints 
are independent of one another, the moving platform 
possesses pure translational motion, as discussed in [15]. 
 
For the purpose of kinematic analysis, static coordinate 
frame A: O-xyz and moving coordinate frame B: P-uvw are 
fixed on the platforms as shown in Figure2, and a position  

 
vector p = [px, py, pz]

T of a reference point P in the moving 
platform is given for indexing a walking performance. The 
ith (i=1,…,3) actuated limb is connected to the moving 
platform at point Bi and to the fixed base at point Ai. 
Furthermore, we assume that points Ai (i=1,…,3) lie into 
equilateral triangle on the O-xy plane at a radial distance of 
ra from point O, and Bi (i=1,…,3) lie into equilateral 
triangle on the P-uv plane at a radial distance of rb from 
point P, respectively. Hence, the position vectors of Ai and 
Bi can be obtained as 
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      (2) 

 
Referring to Figure 2, a vector-loop equation can be written 
for each limb as 
 

iq p    i i i il s b a                         (3) 

 
where li is the length of the ith limb, namely the magnitude 
of vector li, si is a unit vector pointing along the direction of 
the ith limb, and ai, bi can be obtained when ra, rb are given.  
For inverse kinematic analysis, it is to calculate the limb 
lengths li (i=1,…,3) according to the given position vector 
p = [px, py, pz]

T of the moving platform. The solution can be 
expressed by inverting (3) in the form as . 

Figure 1 A kinematic scheme of a 3-UPU parallel 
manipulator as tripod mechanism 

 

Figure 2 A kinematic model for typical limb of the 3-UPU 
parallel manipulator 
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        (4) 

 
where w = ra－rb, and the negative limb length cannot be 
obtained in this mechanism. 
For direct kinematic analysis, it is to calculate the position 
vector p = [px, py, pz]

T of the moving platform according to 
the limb lengths li (i=1,…,3). The solution can be 
expressed as 
 

 

2 2 2
1 2 3

2 2
3 2

22 2
1

( 2 ) / 6

( ) / 2 3

x

y

z x y

p l l l w

p l l w

p l p w p

   

 

   

                         (5) 

 
where negative root of pz cannot be obtained in this 
mechanism. 
It is obvious that the kinematic equations (4) and (5) are 
explicit functions and easy to solve, hence, it is fairly easy 
to obtain inverse and direct kinematic solutions. 
Furthermore, the equations also show that there is no 
singularity and kinematic coupling in the whole workspace, 
which are distinct advantages in practical applications. 

3  A 3-D MODEL OF THE TRIPOD MECHANISM 

A 3-D model of the proposed tripod mechanism has been 
designed in SolidWorks® environment, as shown in Figure 
3. The tripod mechanism is a parallel manipulator 
consisting of a relatively fixed waist plate and moving foot 
plate, between them are three identical linear actuators with 
U-joints at each end.  
Furthermore, in order to improve the compactness of the 
proposed tripod mechanism, the male part of the lower U-

joints is designed as the bottom part of the rod of each 
linear actuator, and the assembly of lower three U-joints are 
shown in Figure 3 in the zoomed view. Additionally, the 
upper and lower three U-joints are installed in equilateral 
triangle arrangement with one ahead and the other two rear, 
as shown in Figure 4, where each three inner revolute axes 
are installed pointing to the circumcenter of  the triangle 
and the circumradiuses are ra and rb, respectively. To 
guarantee the moving platform (foot) possessing pure 
translational motion, the two U-joints in each limb are 
arranged with the two outer revolute joint axes parallel to 
each other and the two inner revolute joint axes also 
parallel to one another, as indicated in [15].  
The main specifications of the designed model are listed in 
Table I, and the details of dimension parameters are 
respectively indicated and listed in  Figure 5 and Table II, 
where the distance between the upper U-joint and waist is 
equal to that between the lower U-joint and foot, noted as 
dUW=dUF; the distance between the two U-joints in each 
linear actuator, namely the length of each linear actuator, is 
noted as li, and the initial value of li is set as li0, which 
determines the initial height of the designed model; the 
stroke of three linear actuators is noted as ls, hence, the 
displacement of each linear actuator, noted as Li, can be 
expressed as  

Figure 3 A 3-D model of the proposed tripod mechanism 
in SolidWorks® environment 

 
a) 

 

b) 

Figure 4 A scheme of arrangement of the U-joints: a)  
in the upper plate (waist); b) in the lower plate (foot) 
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0 i i iL l l －                                         (6) 

 
Since the proposed tripod mechanism is developed for 
biped robots, which will be capable of moving with 
flexibility and versatility in practical applications, during 
the mechanical design, particular attentions have been paid 
to the characteristics of low cost, load capacity, easy 
operation, lightweight and compact. The solution for that is 
to choose proper commercial products which have been 
extensively used in model design and select aluminium as 
the material for the plates of waist and foot for its proper 
stiffness, mass density, and cheap price.  
Furthermore, in this model, the mass center is set in the 
geometry center of each element and the mass values of 
each component are listed in Table 3, as mW, mF, mL, and 
mU for the tripod mechanism. The torques of three linear 
actuators, which are set up at the top of the rods, are noted 
as T1, T2, and T3. All of the above parameters are designed 
to evaluate the proposed tripod mechanism design for a 
practical feasible operation and optimal design purposes.  
 
The mobile platform is used as foot with pure translational 
motion that is ensured by the kinematic structure of the 
parallel leg mechanism. The feasibility of the mechanical 

design is obtained by using light materials (like aluminium 
alloy) and commercial components that have been 
modelled properly in the proposed CAD design for 
simulation. 

4  SIMULATION MODEL AND RESULTS 

The purpose of this paper is to verify the possible 
application of a tripod mechanism for biped robots, whose 
3-D model has been elaborated in SolidWorks® 
environment, as shown in Figure 3. Consequently, the 
kinematic analysis of human-like gait trajectory is 
necessary to be prescribed before the simulation. For the 
purpose of kinematic analysis, the reference coordinate 
system for the measured characterization values has been 
fixed on the ground in SolidWorks® environment, also as 
shown in Figure 3.  
For human normal walking, the motion of a leg can be 
divided into two phases, namely a propelling phase and 
non-propelling phase [13]. In the prescribed human-like 
foot step trajectory which is an ovoid curve, as shown in 
Figure 6a), the straight line segment represents the 
supporting phase and the curve segment represents the 
swinging phase. 
 During the leg motion cycle , point C will be assumed as 
the starting point and the foot step trajectory will be 
followed the sequences of C-B-D-A-C for kinematic 
simulation, although a practical foot step trajectory will be 
performed from point A to point B passing through point C, 
namely the curve segment in Figure6a). Furthermore, the 
walking gait can be characterized by a step length s and a 
step height h, which are assumed as s=235mm and 
h=45mm and the kinematic analysis of the prescribed foot 
step has been carried out to obtain the data of the position 
as function of axes in MATLAB® environment, which has 
been plotted in Figure 6 b).  
Then, the input motions of three linear actuators for the 
tripod mechanism, namely the displacements of each rod, 
noted as Li, can be calculated via inverse kinematics (4) and 
(6) by using both the position data of prescribed human-
like foot step trajectory and the dimension parameters of 
the proposed model in the MATLAB® environment.  

. Table I - Main specifications of the 3-D model of the proposed tripod mechanism for Figure 3 
Degrees of freedom Weight (kg) Dimension (mm) Step size (mm) Leg motion cycle (s/step) 

3 4.5 kg 223×200×470 245×45 4 
 

Table II – Designed dimension parameters for the model in Figure 5 (in mm) 
lW lF wW wF hW hF dUW dUF H li0 

223 140 200 121 10 10 35 35 470 403 
 

Table III – Mass values of components for the 3-D model in Figure 3 (in kg) 
mW (Waist) mF (Foot) mL (Linear actuator) mU (U-joints) Total mass 

1.20 0.28 0.90 0.04 4.50 
 

.  

 
Figure 5 Dimension parameters of the 3-D model in Fig 3 



ISSN 1590-8844 
International Journal of Mechanics and Control, Vol. 15, No. 01, 2014 

 

15 

In the Figure 7, the input displacements of three linear 
actuators as function of time has been shown as 
synchronized with the motion of the prescribed step 
trajectory. Particularly, since the prescribed step trajectory 
moves in the O-xy plane, and the rear two linear actuators 
are assembled symmetrically about the plane, it is 
obviously to obtain that the rear two linear actuators gain 
coincident displacements in the simulation. In addition, an 
initial displacement of three linear actuators has been set up 
as L_0=20mm, and the maximum of length of linear 
actuator is less than 100 mm, hence, the stroke of the linear 
actuator is determined as 100 mm. 
The computed input actuation displacements of three 
linear actuators, as shown in Figure 7, are useful for 
selecting actuators with proper stroke. By using the 
corresponding functions that are available in SolidWorks® 
environment, the input motions of three linear actuators 
are obtained. Simulation time has been prescribed in 12 s 
(leg motion cycle is 4 s) to simulate the function of the 
tripod mechanism in three full cycles of human-like foot 
step, during which 100×12=1200 simulation steps are 
computed. 

The input data for numerical simulations have been 
assumed by referring to a human-like foot trajectory with 
sizes according to an average human walking. Those values 
have determined proper motion for the leg tripod 
mechanism with numerical results that are reported in 
Figures 8 to 11. 
Figures 8 to 10 show the kinematic simulation results of the 
mass center of the foot (MC), which moves along X-axis 
and Y-axis but not along Z-axis, and that is coincident with 
the prescribed foot step trajectory moving in the O-xy plane. 
In addition, Figure 11 shows the dynamic simulation results 
of three linear actuators, whose torques are indicated along 
X-axis, Y-axis and Z-axis, respectively.   
In the Figure 8, the maximum position differences along X-
axis and Y-axis, noted as △Px and △Py, have been 
respectively computed as 235.05 mm and 45.05 mm, which 
are approximately equal to the prescribed step length s and 
height h. The minimum value of Py, computed as 5mm 
shows the height of MC with respect to the ground, which 
is 1/2hF. 
In the Figure 9, the maximum velocities have been 
computed as 384.69 mm/s along X-axis and -94.80 mm/s 
along Y-axis, which occur at the point C (Py is maximal) 
and the point E (Py is medial) of the trajectory, respectively. 
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Figure 6 Human-like foot step trajectory:  
a) a prescribed foot step, where s=235mm and h=45mm; 

b) a kinematic analysis 
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Figure 7 Input displacements of three linear actuators 
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Figure 8 Computed position coordinates of MC 
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Particularly, a tiny error between maximum forward and 
reverse velocity along Y-axis is caused by the force of 
gravity.  
In the Figure 10, the maximum accelerations have been 
computed as -902.36 mm/s2 along X-axis, which occurs 
0.24s after the beginning of each step; and 669.87 mm/s2 
along Y-axis, which occur exactly at the start of each step. 
Particularly, the tiny error between maximum forward and 
reverse acceleration along X-axis is caused by the force of 
inertia. 
In the Figure 11, both the torque components along X-axis 
and Y-axis of three linear actuators are approximately equal 
with each other. Nevertheless, along Z-axis, T1z is always 
equal with zero, and T2z, T3z are symmetrical about axis 
Tz=0, which is determined by the prescribed human-like 
foot step trajectory. In addition, by using (7), which is 
shown as 
 

2 2 2
i ix iy izT T T T                               (7) 

 
the magnitudes of T1, T2, and T3 can be calculated, and the 
maximum values can obtained as 109.76 N·mm, 106.37 
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Figure 11 Torque components of three linear actuators: 

a) in X-axis; b) in Y-axis; c) in Z-axis; d) Magnitude 
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Figure 9 Velocity components of MC 
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Figure 10 Acceleration components of MC 
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N·mm, and 106.37 N·mm, respectively, which are useful 
for choosing proper commercial products. 
Figure 12 shows the snapshots of the motion sequences 
during the simulation of one leg motion cycle in front plane 
and right plane, respectively. Corresponding simulation 
time is indicated for both of snapshots in O-xy plane (front 
view) and in O-yz plane (side view). We can see that the 
tracked trajectory of MC in the designed model of the 
tripod mechanism can well imitate movements of human-
like foot step trajectory in O-xy plane and no offset in Z-
axis.  
Each step action refers to the linear segment as for 
supporting phase and the curvilinear segment is used in the 
swinging phase, and the prescribed step trajectory includes 
the linear segment while a practical walking step not, 
therefore, simulated leg motion cycle is double of practical 
step cycle, namely, one step will have a practical duration 
of 2s in the simulated trajectory for 4s, noted as △tstep=4s, 

and a practical duration of 1s in the simulated trajectory for 
2s, noted as △tstep=2s. The characteristic parameters, which 
are the maximum values of displacement, velocity, 
acceleration of MC and torques of three linear actuators, 
are listed with △tstep=2s and △tstep=4s in Table IV.  
The values of displacement, velocity, acceleration indicate 
that △Px and △Py are almost the same, Vx exhibits linear 
variation with leg motion cycle while Ax not. The ratios of 
Ti at △tstep=2s to Ti at △tstep=4s are respectively 3.65, 3.37 
and 3.37, which are non-linear variation with leg motion 
cycle. The computed performance in terms of kinematic 
characteristics of MC, and dynamic characteristics of linear 
actuators in two walking conditions can be used to evaluate 
the proposed tripod mechanism for a practical feasible 
operation and to work out optimal design from the 
procedure. 

 
Table IV – Characteristic parameters of the kinematic simulation 

 △Px (mm) △Py (mm) Vx (mm/s) Ax (mm/s^2) T1 (N·mm) T2 (N·mm) T3 (N·mm) 

△tstep=2s 235.22 45.06 770.03 -3.72×103 400.26 357.94 357.94 

△tstep=4s 235.05 45.05 384.69 -902.36 109.76 106.37 106.37 
 

.  
a) 
 

 
b) 

Figure 12 Snapshots of the simulated motion sequences of the tripod mechanism: a) in O-xy plane b) in O-yz plane 
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5  CONCLUSIONS 

A mechanical design and walking simulation have been 
presented for a new tripod mechanism for biped robots in 
this paper. The configuration and kinematics analysis of the 
proposed 3-UPU parallel manipulator have been 
determined and formulated for characterization and 
evaluation of performances, respectively. A 3D model has 
been elaborated in SolidWorks® environment for the 
evaluation design performances and checking the operation 
feasibility. Simulation results show that the proposed 
mechanical designed model with proper input motions for 
the three linear actuators can well imitate movements of 
human-like foot step trajectory, and has practical and 
feasible operation performances of the tripod mechanism 
for biped robots. 
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ABSTRACT 
 

This paper deals with the implementation of an hybrid walking machine called Cassino Hexapod II. 
The body and the control architecture of the robot are presented and operation features are also 
discussed. Dynamic simulations have been carried out by using a 3D Cad model in Solidworks and 
ADAMS environments. The operation capability of Cassino Hexapod II are described also by 
referring to controller firmware, processors and actuators. Main design parameters and operation 
features have been considered also for the gait simulation and implementation of Cassino Hexapod II. 
Experimental tests are reported in order to show feasibility and operational capability of proposed 
design.  

Keywords: Design, Walking Machines, Low-Cost Control. 

1  INTRODUCTION 

Hexapod walking robots are mechanical vehicles that can 
walk on six legs. They have been widely studied for their 
significant advantages with respect to wheeled ones for 
walking over rough terrain. Hexapod robots have several 
benefits [1],[2]: 
 hexapod robots are easy to maintain static stability on 

three or more legs; 
 they have a great deal of flexibility in how they can 

move; 
 hexapod robots are the most efficient one for statically 

stable walking; 
 hexapod robots show robustness in case of leg faults; 
 hexapods makes it possible for the robot to use one, two 

or three legs to work as hand and perform complex 
operations. 

Hexapod walking robots, have attracted considerable 
attention in recent decades. Many studies have been 
implemented for hexapod walking robots but only in the 
recent past efficient walking machines have been 
conceived, designed and built with performances that are 
suitable for practical applications [3]. 
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Hexapod robots have been developed in the last part of 20-
th century around the world in research centers and 
universities as machines that can help the human being in 
dangerous or exhausting tasks, for example, landmine 
detection or rescue operation, like COMET IV [4], or forest 
harvesting, like the hexapod develop at Plustech Ltd (2002). 
Others examples of existed hexapod robots in the world are 
RHEx robot [5], the Adaptive Suspension Vehicle [6], 
Boadicea [7], SLAIR2 [8] and the ATHLETE [9]. 
Mobile robots can be structured of different types. First 
ones are based on crawlers or wheels and second ones are 
equipped with biologically inspired legs. This second type 
of walking machines can be slow and more difficult to 
design and operate with respect to the first ones. 
Nevertheless, legged robots are more suitable for rough 
terrain, where obstacles of any size can appear [10]. In fact, 
the use of wheels or crawlers limits the size of the obstacle 
that can be climbed to half the diameter of the wheels [11]. 
On the contrary, legged machines can overcome obstacles 
that are comparable with the size of the machine leg [12]. 
There is also a third type of walking machines that is called 
hybrid robot since it has legs and wheels at the same time. 
This type of walking machines may range from wheeled 
devices to true walking machines with a set of legs to 
overcome particularly difficult obstacles, or wheels to 
enhance the speed when moving on flat terrain. 
The aim of this paper is to propose the design of a novel 
walking machine having low-cost and user-friendly 
features. This novel hybrid walking machine can be seen as 
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an evolution of the Cassino Hexapod robot [13][14] it is 
composed of six legs having a modular anthropomorphic 
architecture with wheels as feet at its extremity. 
 
2 THE ATTACHED PROBLEM 
 

The proposed design has been conceived by using low-cost 
components with the basic requirements as: 
 have a robust simple mechanical design; 
 have a modular design that can be used for robots with 

different number of legs; 
 operate with an easy flexible programming; 
 have low-cost both in design and operation.  
Expected field of application for this prototype is the 
inspection and operation in non-accessible sites, a detailed 
description of the proposed application can be found in [15]. 
Earth provides an extremely large variety of terrains, but the 
obstacles encountered in the environment application can be 
classified basically in 4 group as shown in Fig. 1: 
 a step, defined basically by the height (H); 
 a step down defined basically by the height (H); 
 a crest, characterized by 2 parameters, width (W) and 

height (H); 
 a ditch, characterized by its width (W). 
Figure 2 shows the expected operation capability of the 
proposed walking machine over the above mentioned typical 
obstacles. The proposed design can theoretically overpass a 
step obstacle in step up and step down operation with H=64 
mm; a crest obstacle with H=64mm,W=110mm, and a ditch 
with a width W=110 mm; expected surface 
inclination:±10%. The main obstacle size are H40% and 
W65% of the robot leg . 

 
Figure 1 Possible obstacles for Cassino Hexapod II design: 

a) step b) step down c) crest d) ditch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 A detail of Cassino Hexapod II leg showing  

its maximum step height and width. 
 

3  MECHANICAL DESIGN 
 

In this section, we introduce our six-legged robot called 
Cassino Hexapod II. This walking machine can fit into a 
cube of 0.4m x 0.3m x 0.2m and it has an overall weight 
of 20N. It can carry on-board its own control board and 
battery; in this case, the robot weight is about 22N. Robot 
configuration is presented in Fig. 3. 
 

 
 
 

                                    

 
 
 
 
 
 
 
 

Figure 3 3D CAD model of Cassino Hexapod II structure. 
 
The low cost design is intended to be achieved by using 
low-cost commercial components into a suitable design for 
the whole system: servomotors as actuators, thermoplastic 
material to make robot body, and a commercial control 
board as robot controller. The body of Cassino Hexapod II 
is composed of various modules made of POM 
(Polyoxymethylene), a commercial thermoplastic that has 
high stiffness, low friction and excellent dimensional 
stability. The robot body structure is composed of two 
plates that are connected with screws and aluminium plates. 
The aluminium plates allow also to fix the servomotors to 
the robot body. Mechanical design of the new hexapod 
operations have been carried out by using the 3D-CAD 
model of Fig.3. Simulations have consisted in investigating 
basic robot performances in a virtual environment in order 
to check the design feasibility before prototyping. 
SolidWorks environment has been used due to its 
convenient features for the structure analysis to check the 
feasibility of the real prototype. The model has been 
elaborated by introducing each component with its specific 
characteristics in terms of material, mass, density, shape 
and mechanical design. Components such as screws and 
nuts have been considered as made of steel alloy. 
Servomotor have been modelled introducing the 
mechanical properties reported in their respectively 
datasheets. Each of the legs has 3 DoFs: two of them have a 
movement that has a range between -90° and 90° that allow 
the robot to overpass obstacles, the other one allow to move 
the wheel in a full range rotation. This assembly solution as 
based on previous experience that are reported in 
[10],[12],[16]. The described leg has a total weight of about 
1.5N. To make the assembly scheme clear an exploded 
view of the leg is shown in Fig. 4. The maximum 
dimensions of the leg and of the main components are 
shown in Figure 5. The leg measures 167mm in length, 

102 mm 

H W 
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PLATE 

BODY 

LEG SERVO 
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35mm in width and 5mm in depth. It is worth noting that 
the leg is composed of two link. Each module contains two 
commercial servomotors; the servo output shafts are used 
in order to connect a module to another one. The 
diameter of wheels is 66mm. 
 
 

         
 

Figure 4 A exploded view of Cassino Hexapod II leg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 A CAD model of the proposed leg. 
 
Additional components are needed for the extremity 
modules. In particular, the support motor requires additional 
fixing parts in order to connect the leg to the robot body, 
and the leg extremity link requires an additional wheel. The 
adopted modular design of one leg has been used as basic 
component for the new Cassino Hexapod II. Then, six legs 
are assembled with the main body as shown in Figure 6. In 
particular, six legs have been connected to a suitable plates 
body in order to build the hexapod robot. On the other 
hand the main plates as the one shown in Fig. 7 are 
258mm in long, 364mm high and 6mm in thick.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Exploded view of Cassino Hexapod II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 A CAD model of Cassino Hexapod II plate. 
 
Making a structure analysis using Von Mises procedure 
with the help of CATIA Analysis environment and 
considering the distributed weight on each single leg, it has 
been noticed that the effects of the own weight is a 
negligible as shown in Figure 8. The most stressed part is in 
the shoulder connector although the its maximum stress is 
still within the operation range of the chosen material. So 
these measures were considerate suitable to realize a real 
functional prototype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Example of Von Mises procedure  
on Cassino Hexapod II. 
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4  OPERATIONAL FEATURES 
 

The control system of a hexapod robot has been simplified 
by reducing unnecessary factors to the minimum and to 
design and realize the best effective gaits and body 
structures of the latter. Suitable commercial low-cost 
hardware components have been properly selected. 
 

4.1  THE PROPOSED CONTROL HARDWARE 
Overall motors configuration of the model of a designed 
hexapod walking robot can be schematized as in Fig.9 It is 
necessary to install small and light type of motors for the 
joint actuator because of restriction of space and mobility. 
The RC servomotors are suitable for controlling mobile 
robots as they are small and light, they take only small 
room and low cost. The Cassino Hexapod II has 18 RC 
servomotors, 12 of which are used for giving mobility to 
legs and the others are used for rollover operation. A 
suitable commercial low-cost control board have been 
selected. A customized interface to servomotors and 
controller have been implemented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Overall configuration of Cassino Hexapod II. 
 
Most of mobile robots have to work autonomously, so they 
must have local batteries for the controller and the motors; 
Cassino Hexapod II has a Li-Po battery 7.4V- 2200 mAh, 
and it can work more than 4 hours. A radio wireless 
communication link is used to exchange information 
between a robot and a remote controller. The high level 
remote control have been developed in a Java 
environment: it allows to select a motion and allow task 
planning between a Wi-Fi network using pc or smart 
devices. 
 

4.2  SERVOMOTORS 
A servomotor is composed of an electric motor, a reduction 
gearbox, a position feedback system for the axis output, and 

an electronic control for close-loop positioning of the output. 
The control of the servomotor is achieved by means of a 
proper PWM modulation. The main features of the adopted 
servomotor (Hitec model HS-322HD) are: 
 input power voltage from 4.8V to 6V; 
 output torque from 0.3 to 0.37Nm (nominal input); 
 output axis rotation from 0 to 180 deg.; 
 operating speed from 0.15 to 0.19 sec/60 deg. at no 

load; 
 PWM pulse signal ranging from 0.6 ms to 2.4 ms; 
 idle current from 7.4 mA to 7.7 mA; 
 running current from 160 mA to 180 mA at no load; 
 weight 0.043 kg. 
The output shaft of a standard servomotor usually can rotate 
from 0 to 180 deg.. This rotation range is suitable for 
actuation of leg joints of the proposed hexapod robot. But, the 
rotation of wheels requires a continuous rotation of the input 
axis. A modified servomotor is required for this purpose such 
as Parallax, continuous rotation servo. The main features of 
the adopted continuous r otation servo (Parallax mod 900-
00008) are: 
 input power voltage from 4.8V to 6V; 
 output torque from 0.27 Nm (nominal input); 
 output axis speed from 0 to 50 RPM.; 
 PWM pulse signal ranging from 1.3 ms to 1.7 ms; 
 weight 0.043 kg. 
The above mentioned motor is suitable for the operation 
of the wheels. The angular position of the wheel can be 
obtained by a proper software routine. 
 
4.3  CONTROL BOARD 
A suitable commercial low-cost control board should be 
capable of operating at least 18 servomotors. Additionally, 
it should have a significant number of extra Inputs/Outputs 
for managing additional external sensors and motors in a 
modular architecture. Arduino ATmega 2560 can be a 
suitable choice having the above-mentioned features. In 
particular, Arduino ATmega 2560 has: 
 54 IO pins, whose 14 can be used for PWM; 
 16 analogic inputs; 
 a flash memory of 128 kbytes; 
 an EEPROM of 4 kbytes; 
 a clock speed of 16 Mhz. 
The Arduino ATmega 2560 board, contains all the 
hardware components for the operation of the embedded 
microcontroller. It is based on an open-source multi-
platform integrated development environment that can be 
operated via Linux, Apple Macintosh and Windows. This 
feature allows an user-friendly software implementation of 
many different customized input/output operations. The 
programming of the Arduino can be achieved by means of 
source codes written in C/C++. 
The remote wi-fi interface can be achieved by means the 
Arduino wi-fi shield. The wi-fi shield allow an Arduino 
board to connect to the internet using 802.11 wireless 
specification. 
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4.4  SERVOMOTORS INTERFACE 
The adopted solution provides a direct connection of each 
servomotors control signal to a digital output pins of the 
Arduino control board. It should be noted that each 
servomotors power has to be connected to an external 
power supply, since Arduino cannot provide currents 
totaling more than 400 mA. The proposed drive mode is the 
most simple and economical way to drive servomotors 
with Arduino control board. This solution has been tested 
by developing a specific board (shield) for the Arduino 
card. Figure 10 shows the built board for 18 servomotors. 
The geometrical sizes of the proposed Arduino shield have 
been defined to fully match with Arduino Mega 2560 
control board pin-out as shown in Fig.10b). Main attention 
has been addressed to the cross sections of the printed 
circuit board that has been set up to be compatible with the 
needed high currents of the servomotors. Figure 10a) 
shows the top side of the built direct drive Arduino shield 
with the connectors to the 18 servomotors and the cable 
for the external power supply. 
 

        
a)      b)         c) 

Figure 10 The Arduino servo shield built at LARM: a) top 
side to servomotors b) bottom side to Arduino; c) side 

view: shield assembled on Arduino Mega 2560. 

 

5  THE PROPOSED OPERATION STRATEGIES 

The Arduino control board is connected to a PC through a 
standard USB cable; programming can be achieved on the 
PC thanks to the Arduino IDE. Then, the program can be 
easily downloaded on the flash memory and the cable can 
be disconnected. A commercial Li-Po battery 7.4V 
provides the power supply for both the control board 
and servomotors, between customized voltage regulator. A 
remote Wi-fi control is used for operating the hexapod. 
Operation strategies can be structured of two basic 
types: first one is wheeled mode and second one is 
walking mode. The wheeled foot gives the characteristic of 
moving as a vehicle to the hexapod robot. In wheeled 
mode, it should be noted that the motors of the right side 
and the left side of the robot are driven with opposite 
rotation. In fact, due to the axial symmetry a motor 
rotating in clockwise direction for the left side of the 
hexapod produces the same motion effect of a motor that is 
rotating in counterclockwise direction on the right side. In 

fact, forward and backward motions can be achieved when 
all the wheels move at same speed in the same clockwise or 
counterclockwise direction, respectively. Instead, the 
turning operation can be achieved by operating the wheels 
of left side and right side in opposite directions. The 
selection of operation type can be obtained through the 
Wi-Fi control by PC selecting a proper one. A hexapod 
consists of six legs and proper movement of the robot is 
possible by properly synchronizing the motion of all the 
legs. Thus, programming the movement of one leg is very 
important for the successful movement of the robot 
according to [17]. Various operation strategies have been 
analyzed and implemented on the built prototype. In 
particular, flow-chart analysis of a single leg operation and 
continuous forward walking, of the whole hexapod robot 
are reported in Figs.11 and 12. In Figs. 11 a descriptive 
flow-chart diagrams are reported for the forward and 
backward operations of one leg. This operation strategy for 
one leg is the basic operation strategy that will be used in 
executing other complex motion tasks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Flow-chart for single leg operation. 
 
Figures 12 shows the flow chart diagram and a footfall 
formula representation for a forward walking operation of 
the hexapod robot. 
In the forward walking operation strategy a tripod gait has 
been considered as reported in the picture of Fig.13. In 
fact, for maintaining the stability of the robot, at least three 
legs should be in contact with the ground simultaneously 
[18],[19]. In a tripod gait, the front and rear leg of one side 
and the middle leg of another side perform their swing 
movements at the same time. A delay is introduced 
between each step in order to ensure proper coordination 
and phase difference among the motion of legs. This delay 
was chosen after experimental tests and is also a function 
of the operating speed. The operation of each leg has the 
same logic that is reported in the flow chart above 
mentioned. 
 

START 

Servo ankle  move counterclockwise 

END 

Servo knee  move clockwise 

Delay 

Servo ankle  move clockwise 

Servo knee  move counterclockwise 
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5.1  BASIC FIRMWARE DEVELOPMET 
The Arduino development environment contains a text 
editor for writing code, a message area, a text console, a 
toolbar with buttons for common functions, and a series 
of menus. 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   a) 
 

 
     b) 
Figure 12 a) Scheme of tripod gait of Cassino Hexapod II 
b) Footfall formula representation : black circles stands for 
the legs in contact with the ground surface; arrow indicates 

the moving forward direction. 
 

It connects to the Arduino hardware to upload programs 
and communicate with them. The operation of the 
proposed control architecture has been achieved by 
developing a proper firmware of Arduino control board,as 
based on the Arduino Servo library. This servo library 
provide features for a user-friendly operation of up to 48 
servomotors without requiring any setting of PWM. The 
operation strategy for one servomotor is the basic 

operation that will be used in executing other complex 
motion task. The first step is to include the Servo library 
(header file) in the proposed Arduino project. The second 
step is to define a Servo object. In the third step the attach 
function allows to connect the servo object to a specific 
pin of the Arduino control board. Moreover, the user can 
define the min parameter that is the pulse width (in 
microseconds) that is related with the minimum angle of 
the output shaft position. 
 

                       
 
 
 
 
 
 
 
                                   a) 
                                   
 
 
 
 
 
 
                                                  b) 

       
 
 
 
 
 
 
                                                        c) 

 
 
 
 
 
 
 
     
                                                          d) 
 
 
 
 
 
 
 
 

                                    e) 

Figure 13 Tripod gait on Cassino Hexapod II a) all legs 
are in contact with ground; b) legs 1-3-5 are lifted and 

moved forward; c) all legs come in contact with ground; d) 
legs 2-4-6 are lifted and moved backward e) all legs are in 

contact with ground. 

START

END

Leg 1-3-5  move forward to extreme position

Leg 2-4-6  move backward to extreme position

Leg 1-3-5  move backward to extreme position

Leg 2-4-6  move forward to extreme position

Leg 2-4-6  move forward to vertical position

Leg 1-3-5  move forward to vertical position

Stop walking 
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The user can also define the max parameter that is related 
with the maximum angle of the output shaft position (180 
deg.). The last step is the write( ) function. This function 
sets the angular position of a standard servo (in degrees) 
so that the corresponding servomotor moves its shaft to this 
angular position. In the case of continuous rotation 
servomotors the write function will set the desired speed of 
the servomotor. In this case a value 0 refers to a full-
speed in clockwise direction; 180 refers to a full-speed in 
counterclockwise direction; 90 refers to a standstill 
configuration. 
 
6  CONCLUSIONS 

This paper deal with the design, construction and operation 
of an hybrid walking machine called Cassino Hexapod II. 
The mechanical design of robot is based on proper low-cost 
commercial components and easy operation features. The 
proposed control architecture has required the design of a 
proper servomotor control shield and a user-friendly 
software library that allows the operation of the required 18 
servomotors. The feasibility of the proposed new design 
and easy operation modes have been tested experimentally. 
Results have shown a robust system operation, with 
limited power consumption in wheeled operation modes an 
even lower power consumption is obtained as suitable gait 
planning. A hybrid robot Cassino Hexapod II can also use 
wheels for locomotion on flat ground. In this way robot 
can move fast without consuming a lot of energy. Results of 
the experimental test also demonstrate that commercial 
lithium batteries can provide a suitable power supply to 
Cassino Hexapod II for at least 4 hours of continuous 
operation. 
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ABSTRACT 
 

For human machine interaction a control architecture for the force controlled guidance 
mode of a five axis robot is developed. This enables a human operator to move the robot 
easily by applying forces at the end-effector. The position and the path can then be tracked 
and stored for a later reuse. The control architecture is also used in a hybrid mode where it 
is possible to control chosen workspace coordinates with a path controller and others with a 
force controller. The hybrid mode is especially used to cut tissue material with a scalpel 
which is mounted at the robots effector. 

Keywords: Robotics, force control, hybrid control, assisting robot 

 

1 INTRODUCTION 

The Regensburg Robotics Research Unit develops an as-
sisting robot named CARo5X (Cleanroom Application Ro-
bot with Five Moving Axes, as seen in Figure 2) inside the 
research project ManuCyte. The aim of the project is the 
development of a plant for the automated cell and tissue 
cultivation in an industrial scale [1] [2]. The research in 
human-robot interaction has become special interest over 
the last two decades. A wide range of applications can be 
improved by combining human operators with assisting 
robots. For example, rescue robots can be used to search for 
buried people [3] or household robots can assist handi-
capped or old people [4]. The assisting robot is working 
together with the human operator inside the so called hy-
brid workplace (see Figure 1). The aim of the collaboration 
is to benefit from the combination of an automation system 
and the skills of the human operator as described from 
Heiligensetzer [5]. The tasks of the robot are on the one 
hand to supply the human operator with bioreactors from 
the plant and vice versa and on the other hand to cut tissue 
material. Two of the requested work packages for the as-
sisting robot are realized with a force control scheme. The 
mentioned work packages are the force controlled guidance 
and the cutting of tissue material. 
 

Contact author: Benjamin Großmann1, Thomas Schlegl2 
1benjamin2.grossmann@oth-regensburg.de 
2thomas.schlegl@oth-regensburg.de 

 

 

Figure 1 CARo5X inside the hybrid workplace. 

With the force controlled guidance it is possible to move 
the robot by applying forces at the end effector. The posi-
tion and the path can be tracked and then repeated by the 
robot [6]. The cutting of tissue material is realized by hy-
brid force/path control architecture. Selected workspace 
coordinates are controlled by a path control architecture 
and other workspace coordinates are controlled by a force 
control architecture simultaneously [7]. Further applica-
tions of the hybrid control architecture outside this project 
are table wiping or automatic piston insertion into cylinder 
blocks [8]. Within this paper the force control architecture 
is presented and validated via simulation and experimental 
results. 
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Figure 2 Cleanroom assisting robot with five moving axes (CARo5X). 

 

2  CONTROL ARCHITECTURE 

This chapter describes the control architecture of the assist-
ing robot. The control architecture consists of a feed-
forward computed torque controller and the outer 
path/force control loop. 

2.1 COMPUTED-TORQUE-CONTROL 
The dynamic model of the CARo5X is derived via the La-
grange formalism as shown in [9]. One obtains the differen-
tial equation of the robot 

        nqrqgqqcqqM   , . (1)

Here nxnIRM   is the inertia matrix, nx1IRc  are gyro-
scopic forces, nx1IRg  is the vector of gravitational influ-
ences, nx1IRr  is vector of friction torques, nx1IR  are 
external forces and torques and nx1IRq  are actual joint 
angles. 
With Eq. (1) one can calculate the necessary torques for 
each drive. Feed-forwarding these torques and combining 
the feed-forward loop with the plant model one obtains a 
linear system 

        dtttt zuq  (2)

as new plant with the controller's output nx1IRu   as input 
variable. The model inaccuracies which especially occur in 
the term of friction are taken into account via the disturb-
ance term nx1IRz as additional input to the plant [10]. 

2.2 PATH-CONTROL ARCHITECTURE  
The path control architecture consists of a simple and well 
known PID-controller and a path-planning with polynomi-
als of order three. The differences in position and in veloci-
ty  

 
 
are inputs for the PID-Controller. The desired acceleration 
is added to the controllers output. With the control devia-
tion 

qqe  d  (3)

the path-controller output is calculated by 

  eKeKeKqu  DPIPdp dt,  (4)

With Eq. (2) and Eq. (3) one obtains the differential equa-
tion 

zeKeKeKe   IPD  (5)

for the deviation of the path-control loop. Eq. (5) shows 
that for constant disturbances, no remaining deviations ex-
ist due to the fact that the disturbance z  only occurs with 
its first time derivation z  

2.3 TRANSFORMATION OF FORCES AND TORQUES 
Since the force-/torque sensor delivers a vector with six 
elements 

 Tzyxzyxs TTTffff  (6)

defined in the sensors frame (see Figure 3) and the work-
space of the CARo5X only consists of five workspace co-
ordinates 

 T000 zyxw  (7)
 

30 ),( qzz E   (8)
 

42 ),( qxz E   (9)
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Figure 3 Force/torque sensor with sensor frame. 

it is necessary to reduce the number of elements in sf  and 
to transform them into the base frame. The forces in sf  can 
be transformed simply by using the rotation matrix 0
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The torque about the sensors z-axis T  is transformed to a 
torque in the direction of  , which is per definition equal 
to 4q  

zTT  . (11)

The achieved behaviour is then, that the robots spindle ro-
tates if a torque about the spindle is applied. The torques 

xT  and yT  are used to influence the work space coordinate 
 . As one can see in Figure 4 the influence of xT  and yT  
on   depends on 4q  

   44 sincos qTqTT yx  . (12)

Combining Eq. (11) and Eq. (12) one gets the matrix 
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Again, combining Eq. (10) and Eq. (13) yields to the trans-
formation matrix 5x6IRX  



























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z

y

x
S

T

T

T


X

P

R
f

2x3

3x30

0
0

0
. (14)

The desired values in df  are also defined in the base sys-
tem with five components so that no transformation is 
needed here. 

 

Figure 4 Kinematic chain of the assisting robot CARo5X. 

2.4 FORCE-CONTROL ARCHITECTURE 

The force control architecture gives desired velocities in 
workspace coordinates which are proportional to the ap-
plied forces. Constant disturbances must not lead to a per-
manent control deviation. The first requirement is achieved 
by using a damping model with the tuneable damping ma-

trix 5x5IRD  to calculate the velocities in workspace co-
ordinates 

fDw  1
d  (15)

and transformation of these velocities via the Jacobian ma-
trix into joint space 

    fDqJwqJqd   111
d . (16)

The controller is designed as PI-controller with an addi-
tional damping. To increase the damping of axes the angle 
velocity is factorized with DK  and added to the PI-
controllers output. The differential equation of the so de-
signed control loop 

 


 dtIP

IPD

fDJKfDJKz

qKqKqKq
1111


 (17)

gives a nonlinear system of third order. The Jacobian de-
pends on the joint angles q . The differential equation 
shows that the Hurwitz criterion is not fulfilled if dK is not 
present ( 0DK ) so that the system would not be stable. 
Also, if the integral part is not present ( 0IK ) 

 


 dtdt IP

PD

fDJKfDJKz

qKqKq
1111


. (18)

constant disturbances z  would yield to remaining control 
deviations. With the control deviation 

qfDJqqe    11
d  (19)

the force-controllers output is calculated by 

eKeKeKu DPIf dt    (20)

which also has PID-structure. 
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2.5 STATIC BEHAVIOR 
To examine the static behaviour we assume that the applied 
forces are constant, the disturbances are constant and the 
velocities are small. Removing all terms in Eq. (17) which 
occur time derivative yields to 

   dtIPI fDJKfDJKqK 1111 . (21)

Considering the constant forces 

0
f



dt

d
 (22)

Eq. (21) can be written as 

fDJKqK   11
II   (23)

 

fDqJ  1  (24a)
 

fDw  1 . (24b)

It becomes apparent that the workspace velocity is propor-
tional to the applied forces as requested. Furthermore con-
stant disturbances do not lead to a permanent control devia-
tion. 

2.6 PARAMETERIZATION 
Hence the axes of the robot are with the computed torque 
control not coupled, the control parameters can be calculat-
ed for a SISO system. The parameterization of the control 
parameters PK , IK  and DK is done by pole placement. 
With the real and negative poles  14,12,10 ip  
one obtains an asymptotically stable system with the con-
trol parameters 428PK , 1680IK  and 36DK . These 
parameters are used for simulation and are tuned during the 
experiments. 

2.7 PATH/FORCE CONTROL ARCHITECTURE 
Both, the force control architecture and the path control 
architecture result in a controller output 5x1IRfu and 

5x1IRPu for each joint. For the hybrid path/force control 
architecture it is necessary to combine these two outputs. 
Therefore the selection matrices 

 10000diagfS , (25)
 

 01111diag fP SIS  (26)

are introduced and the combined controller output is calcu-
lated by 

PPff uSuSu  . (27)

Use of Eq. (25) and Eq. (26) makes the fifth joint, which is 
the translational motion of the spindle, force controlled and 
joints one to four path controlled. Since cutting of tissue 
material is mostly done in a SCARA configuration of the 
robot, the fifth joint variable is equivalent to the z-
coordinate in workspace. 

 

2.8 AVOIDING SINGULARITIES 
Since we us the inverse Jacobian matrix in Eq. (17), kine-
matic singularities need to be properly avoided. The singu-
larities are listed in Tab.1. 

Table 1: Singular configurations of CARo5X robot. 

A 00 32  qq  

B 23 q  

C 00 52  qq  

The only relevant singular configuration is configuration A 
due to the angular limitations of 3q and 5q  

33 3


 q , (28)
 

m1.05 q . (29)

On account of the setup of the hybrid workplace the robot 
only has to operate with 

02 q  (30)

so that we can avoid the singularity by ensuring that Eq. 
(30) is strictly fulfilled. The avoidance of singularity is im-
plemented as shown in Figure 5. A step-down function is 
implemented, that saturates the desired velocity when 

ngFrcPRM_AngQSi22 q . (31)

And finally stops if 

ngFrcPRM_AngQSi2 q . (32)

The parameter cngFrPRM_AngQSi  is set to 
 86.2rad05.0 . It is always possible to move the robot 

away from the singular configuration since Eq. (31) and 
Eq. (32) are coupled to the desired velocity. If the desired 
velocity has another sign than the joint angle a motion is 
possible. 

3  SIMULATION 

The simulation is done inside the "`RRRU simulation envi-
ronment"'. The simulation environment has been developed 
as software structure by the Regensburg Robotics Research 
Unit using Matlab/Simulink. This allows the developer also 
to use the simulation environment to generate code for a 
real-time system. For the simulation we use the dynamic 
model of the CARo5X which is derived via the Lagrange 
formalism. The dynamic model is used to simulate the ro-
bots behaviour and used inside the computed torque control 
to calculate the torque for the feed-forward loop. The kin-
ematic model is also implemented inside the Simulink 
model. It consists of the forward kinematics, the inverse 
kinematics and the differential kinematics. The differential 
kinematic model provides the Jacobian matrices. The con-
trol architecture is implemented inside the simulation envi-
ronment as shown in Figure 6. 
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Figure 5 Scheme of avoiding singularities. 

 

Figure 6 Control Architecture. 

 
 
3.1 FORCE CONTROLLED GUIDANCE 
For the simulation of the force controlled guidance the 
damping matrix is set to 

 mmfff ddddddiagD  (33)

with 
1Nsm1000 fd  (34)

 

Nsm100md . (35)

The desired force has to be 

 T00000df . (36)

Forces of N10 and N10 are applied one by one in x, y and 
z direction through step-functions inside the model of the 
force/torque-sensor. As one can see in Figure 7 the robot 
moves in the expected direction and shows no sudden  
 

 
change of position. The robot also moves smoothly alt-
hough there is additive noise in the simulated force sensor 
signal. The low pass filter for the force sensor signal which 
was implemented in the control scheme results in a delay 
between the moment of applying force and the start of the 
motion. 

3.2 HYBRID MODE 
For the simulation of the hybrid mode the work plane of the 
hybrid workplace is integrated into simulation. Here, the 
contact force between the robot and the work surface is 
recognized via the force/torque-sensor. The work surface is 
modelled via a spring and damper system 

 







hqqdhqc

hq
f z

555

5

for

for0


. (37)
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Figure 7 Simulation results for force controlled guidance. 

 

Figure 8 Simulation results for hybrid mode. 

with stiffness 1Nm2000 c , damping coefficient 
1Nsm5 d and the height m3.0h . Contact is given 

for hq 5 . The desired values for the path-planning algo-
rithm are 


















m2.0

m9.0

y

x

w

w
. (38)

After three seconds the path-planning starts and the desired 
force of 

 T00N10000df . (39)

is applied. In hybrid mode there are also disturbances mod-
elled as step functions which occur from s6t to s7t and 
from s13t to s15t . 
As one can see in Figure 8 the desired force is built up 
quickly and there is no remaining deviation. In fact, there is 
a significant overshoot which is caused on the one hand by 
the low stiffness of the modelled work surface and on the 
other hand by the long distance without contact force be-
tween the start position and the position of the work sur-
face. Also it is apparent that the robot moves slightly until 
it reaches the desired values for xw and yw . There is no 
noise in the sensor signal for the first three seconds due to 
the fact that the software container in which the sensor is 
simulated is not triggered ab initio. 

4 TESTS WITH THE CARO5X 

As mentioned before, the Simulink model can also be used 
to generate code for the real time system through Matlabs 
Coder toolbox. Therefore there are only slightly changes - 
e.g. activation of safety systems, routing signals from the 
data acquisition system to the controller instead of data 
from the hardware simulation system - in the software 
model which was used for simulation necessary. 

4.1 PARAMETERIZATION 
Initially the control parameters are tuned during the exper-
iment. Finally the parameters 

 500100300120120diagPK  (40)
 

 52252525diagIK  (41)
 

 207.1202020diagDK  (42)

were used. The values of axis four and five are notably 
different from the other. That is caused by the computed 
torque model. The computed torque control is implemented 
for axis one, two and three due to the fact that they have the 
significant inertias and the significant effects on gyroscopic 
forces. Also the damping matrix is adapted during the ex-
periment and were finally parameterized to 

 52252525diagD . (43)

With these parameters a fast and intuitive guidance by force 
is possible. 

4.2 FORCE CONTROLLED GUIDANCE 
To gather experimental data the operator moves the robot 
by applying forces as shown in Figure 10. During the mo-
tion the measured workspace coordinates, the desired ve-
locities in workspace coordinates and the applied forces 
and torques are tracked. Figure 9 shows the translational 
workspace coordinates  Tzyx www and the measured 
forces  Tzyx fff , Figure 11 the rotational workspace 
coordinates  T  and the applied torques  T MM . 
It is obvious that the robot moves in the direction in which 
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a force is applied. Also there are no harsh motions present 
although the force signal changes rapidly in some cases. 

 

Figure 9 Translational workspace coordinates  
and applied forces. 

 

Figure 10 CARo5X in collaborative mode. 

The delay between the moment of applying forces and the 
start of the motion is short enough to not being recognized 
by the operator. The actual velocity in workspace coordi-
nates can be seen in Figure 12 and Figure 13. The left and 
right y-axis is scaled with the damping matrix. The actual 
velocity has a lot of noise due to the here used incremental 
encoders. However, it is nevertheless identifiably that the 
actual velocities follow the applied forces. In the z-axis 
there occur motions although there are nearly no forces 
applied.  

 

Figure 11 Rotational workspace coordinates  
and applied forces. 

This is based on the effect that the z-coordinate is also in-
fluenced by axis four if axis three is not zero. Also one can 
see that the rotational workspace coordinates are extremely 
noisy. Here the profit of the used control technique is dis-
tinct. 

 

Figure 12 Actual translational workspace coordinate 
velocity and applied forces. 

4.3 HYBRID MODE 
The experiment is done by setting a desired value for zf  
and desired values for the path planning. The robot then 
moves along the path and has contact with the hand of the 
operator. The operator also moves his hand away from the 
robot during the experiment to see whether the robot fol-
lows the hand. Figure 13 shows the value of joint five and 
the measured force in z-direction. At the beginning the op-
erator moves his hand and the robot follows until the de-
sired force of N10zf is reached. At the end the operator 
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holds his hand and the robot applies the desired force 
against the operators’ hand. 

 
Figure 13 Joint angle q5 and applied force in z-direction. 

5  CONCLUSIONS AND OUTLOOK 

An architecture for the force controlled guidance and 
path/force controlled hybrid mode has been developed and 
experimentally validated. The architecture has been tested 
through simulation and an experiment. In simulation the 
behaviour of the robot to applied forces in force controlled 
guidance mode and to desired forces in hybrid mode have 
been evaluated. The experimental results have shown that 
the proposed algorithm works adequate although there is a 
lot of noise in both the force sensor signal and the velocity 
signal from the incremental encoders. Improvements can be 
done in the dynamic model by including axis four and five 
in the dynamic model. Also the noise in the velocity signal 
can be reduced by replacing the incremental encoders with 
absolute multiturn encoders or by inserting an observer 
based velocity estimation. The PID-control architecture will 
be compared to PPI-control architecture to possibly in-
crease the performance of the control loop. 
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EXTENDING CONTINUOUS PATH TRAJECTORIES TO POINT-TO-
POINT TRAJECTORIES BY VARYING INTERMEDIATE POINTS 
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ABSTRACT 
 

This paper shows a method for the calculation of fast point-to-point movements for 
industrial robots subject to various physical constraints. The main idea of the proposed 
algorithm is to solve first the problem of time optimisation of continuous path trajectories. 
A predefined path in world coordinates as well as the dynamical equations of motion are 
projected onto a one dimensional path parameter, the time behaviour of which is optimised 
with the dynamic programming approach (Bellman optimisation). The optimal path for the 
point-to-point problem is found by varying additional intermediate points between start- 
and endpoint of the predefined path in an optimal manner using a nonlinear solver. Each 
path with varied intermediate points is optimised with the dynamic programming approach. 
Simulation results as well as experimental results for an industrial robot are shown.  

Keywords: Point-to-Point Motion, Optimisation, Industrial Robot, Robots Kinematic and Dynamics 

 

1  INTRODUCTION 

Fast robot movements in highly automated production lines 
have become more and more important in the last few years 
to sustain production locations in high wage countries. This 
can be achieved by path optimisation. In a first step, the 
optimisation of a continuous path (CP) trajectory (pre-
defined path) subject to mechanical constraints is 
performed. The problem is divided in the geometric path 
planning and its optimisation using a scalar path parameter. 
The works of [12], [2] and [14] provide the basis for 
effective algorithms. [4], [8] and [10] extended this basic 
algorithms by additionally taking end-effector friction 
constraints into account. The aim is to transport an object 
that is loosely put onto the end-effector in shortest possible 
time on a predefined path (waiter-motion-problem). [8] use 
quintic B-splines to define the geometric path. The time 
optimal solution for the path parameter is obtained by 
finding optimal switching points for acceleration and 
deceleration in the phase plane (forward and backward 
integration). 
 

Contact author: Hubert Gattringer1 
1 Institute for Robotics, Johannes Kepler University Linz, 
  Altenbergerstr. 69, 4040 Linz, Austria 
  Email: hubert.gattringer@jku.at 
 

 
 
In contrast to that, we use Bernstein polynomials for the 
definition of the geometric path via splines. Motor torque 
constraints can be effectively included in the phase plane. 
The limiting curves are evaluated with a reformulation of 
the Projection Equation, see [3] and [6]. Moreover we 
calculate the time optimal solution using the dynamic 
programming approach (Bellman optimisation) to provide 
faster solutions and to be able to include additional terms in 
the cost functional, see also [11]. This offers the possibility 
to calculate time/energy optimal solutions. A recursive log-
barrier method for time-optimal robot path tracking is 
presented in [15]. As an extension to the CP trajectories, 
the point-to-point (PtP) optimisation is not limited to 
geometrically defined paths. It can, for instance, be 
approached by formulating the task as two-point boundary 
value problem and solved with numerical software 
packages, see e.g. [7]. However, in this work, a solution is 
computed by varying the position and orientation of 
intermediate points of the CP trajectory using a numerical 
solver. The paper is organized as follows: In section 2 the 
optimisation of the CP trajectories is performed. 
Constraints like motor torques, velocities and accelerations 
are included. This is the basis for the optimisation of the 
PtP trajectories in section 3. Experimental results and 
comparisons to other optimisation approaches are part of 
section 4. The experiment is realized with a Stäubli 
RX130L six axes industrial robot. 
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2  CONTINUOUS PATH TRAJECTORIES 

2.1 GEOMETRIC PATH PLANNING 
There are several methods to define a geometric path, e.g. 
straight lines, curves, clothoids or splines. The latter ones 
are used in this work to define the path for the end-effector 
 

 
(1)

 
see Fig. 1.  
 

 
 

Figure 1 Path planning by interpolation of points. 
 
Vector  is the position of the end-effector while  is 
the orientation in terms of Cardan angles, respectively. The 
orientation matrix  for this transformation 
is defined by subsequent standard rotations about the x-
(angle  ), y-(angle ) and z-(angle  ) direction. A set of 
j pre-defined points  is interpolated to the whole path 
that can be parameterised by a (scalar) path parameter  
that is determined in the range  (start point) and 

 (end point). The spline within this range is defined 
by Bernstein polynomials 
 

(2)

 
resulting from a specific choice of number and location of 
the B-spline nodes, see [13] for details. This kind of global 
basis functions provides the possibility to calculate 
derivatives with respect to the path parameter analytically 
in a simple way. Furthermore the non-recursive definition 
has a positive effect on the computation time. Parameter d 
in Eq. (2) is the degree of the Bernstein polynomial. Figure 
2 shows them for degree d=4, that is chosen in the present 
work.  

 
Figure 2 Bernstein polynomial of degree d =4. 

 
To define a path through interpolation points 

, a chordal discretisation for  is 
performed. This means, that n+1 points are distributed over 
the range of the path parameter  with respect to 
the distance of the defined points in space. With the length 
of the polynomial-line 
 

(3)

 
the discretisation points are defined by 
 

 
(4)

 
With this chordal parameterisation for  , the end-effector 
path can be written as 
 

(5)

 
Note, the more interpolation points are chosen, the more 
basis functions, see Fig. 2, enter calculations. The control 
points 
 

(6)

 
are the result of the linear equation 
 

(7)
 
where  is the matrix of Bernstein polynomials 
 

(8)

 
and  are the pre-defined points in space.  
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With the geometric definition at hand, the time behaviour 
of  can be optimised to calculate the trajectory. More 
details on spline parameterisations can be found in [5]. 
 
2.2 PHYSICAL CONSTRAINTS 
For trajectory planning, several physical constraints have to 
be considered, namely motor torque-, velocity- and 
acceleration constraints 
 

 

(9)

 
Since the trajectory is defined for the end-effector in world 
coordinates, a transformation into joint co-ordinates has to 
be performed by inverse kinematic calculations 
 

 (10)
 
A projection of velocities and accelerations onto the path 
coordinate yields 
 

 
(11)

 
(12)

 
when using the identity  

. However, the evaluation of the derivations with 
respect to  are difficult to realize even for the case, when 
the inverse kinematics Eq. (10) is solved numerically. 
Fortunately, the identity 
 

 
(13)

 
(14)

 
and therefore 
 

 
(15)

 
(16)

 
holds, which is much less computational complex. The 
generalized matrix inverse reads 
 

(17)

2.2.1 Torque Constraints 
The basis for taking motor torque constraints into account 
is an efficient dynamical modelling. We use the Projection 
Equation (see [3]) 
 

(18)

 
for this task. Linear momenta  and angular 
momenta  are projected into the minimal space 
(minimal velocities  ) via the appropriate Jacobian 
matrices. All the values like the translational velocity  or 
the rotational velocity  of the centre of gravity can be 
inserted in arbitrary coordinate systems R. In contrast to 

 is the velocity of the used reference system. Since 
we use body fixed reference systems,  holds in this 
case. Parameters are the mass and the inertia tensor, 
respectively, while  characterizes the vector product 

.  and  are imposed forces and moments acting 

on the ith body. Evaluating the Projection Equation for N = 
12 bodies (the industrial robot consists of six motors and 
six links) leads to the equations of motion 
 

(19)

 
where  is the position dependent, positive definite, 
symmetric mass matrix,  contains all nonlinear terms like 
gravitational, Coriolis, centrifugal and friction forces, while 

 are the motor torques. Of course, the dynamical 
behaviour of the robot can be simulated with Eq. (19). 
However in our case, it is needed to take motor torque 
constraints into account. Therefore, Eq. (18) can be 
rewritten to 
 

(20)

 
by substituting the abbreviations of the momenta and  for 
the identity matrix. The velocities and accelerations 
depending on the path parameter are 
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(21)

 
(22)

 
The expression  can further be evaluated as 

 

(23)

 
(index i suppressed) and Eq. (20) equals 
 

(24)

 
The impressed torques can be divided into the friction 
torques  and the 

motor torques  that are written on the right side of Eq. 
(24). Collecting appropriate terms in Eq. (24) yields 
 

(25)

 
with 
 

 
(26)

 
(27)

 
(28)

 (29)

 
When using the abbreviation  , the kth motor torque 

 equation yields 
 

 (30)
 
( ..gear ratio of kth joint). The input  is constrained 

between  and  and therefore Eq. (30) can be 
written as 
 

(31)

 
This torque constraints offer a geometrical interpretation in 
the phase plane  . For each joint, we get an upper and 
lower limiting curve in this plane, shown in Fig. 3. Only the 
feasible region is valid for optimal path planning. Note, if 
viscous friction is neglected ( ), Eq. (30) degenerates 
to straight limiting lines. However, this simplification 
should be avoided for real systems. 

 

 
Figure 3 Limiting curves and feasible region. 

 

2.2.2  Velocity/Acceleration Constraints 
Beside torque constraints, velocity and acceleration 
constraints have to be considered. Joint angular as well as 
path velocities 
 

(32)

(33)
 
can easily be transformed to (using ) 
 

(34)

 
leading to vertical limiting curves on the position of  in 
the phase plane, see again Fig. 3. An evaluation of joint 
acceleration constraints 
 

 
(35)

 
delivers additional straight lines in the phase plane 
indicated by dashed lines in Fig. 3. 
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2.3 OPTIMISATION 
The global goal of the CP optimisation is to find a 
minimum of the cost function 
 

(36)

 
The second part in this equation corresponds to the 
minimization of the motor torques. Since we are only 
interested in time-optimal solutions, the weighting factors 

 are used, and the equations of motion do 
not enter the cost functional. The unknown cycle time  is 
the sought solution of the optimisation, so a transformation 
of 
 

 
(37)

 
and therefore 
 

 
(38)

 
leads to a cost function depending on  of 
 

 

(39)

 
The calculation of the optimal trend of the velocity profile 

 is done with the help of the Bellman optimality principle 
[1] 
”An optimal policy has the property that whatever the 
initial state and initial decision are, the remaining decisions 
must constitute an optimal policy with regard to the state 
resulting from the first decision.” 
 

 
Figure 4 Bellman optimisation. 

 
Therefore the calculation of the optimal trend  starts at 
the last point  by evaluating the maximum and minimum 
allowed values of  with the help of the 

feasible region in Fig. 5. At first we discretise the velocity 
at each path point  into  values  

with . The discretised cost function from Eq. 
(39) equals as a consequence of the Bellman optimality 
principle 
 

(40)

 
where the discretisation step size of  is .  
 

 
 

Figure 5 Feasible region with limits. 
 
The optimal values of  can now be evaluated by 
calculating the highest reachable point  

and the lowest one , wherein the 

minimum of the cost function has to be sought, as shown in 
Fig. 4. This minimum search is done with the method of the 
golden ratio. With the found location of the minimum , 
the optimal value of  can be calculated with 
 

(41)

 
As  is calculated for each discretisation point 

,  can be evaluated by 

solving 
 

 (42)

 
with a forward iteration, starting at  , see Fig. 6 
for a graphical interpretation.  
 

 
Figure 6 Computing the solution. 
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As soon as the optimal trend  is evaluated, the time 
behaviour of  can be calculated by integrating Eq. (38) 
 

 

(43)

 
and calculating the inverse function to get . Therefore 

the overall trajectory as well as the motor torques Eq. (25), 
that can be used as model-based feed-forward torques, are 
defined. 

3  POINT-TO-POINT TRAJECTORIES 

The strategy to get optimal PtP trajectories is to use the 
results from the previous section and release intermediate 
points as optimisation variables. However, the convergence 
(time) to the optimal solution can drastically be increased if 
not all 6 coordinates of the intermediate points are used as 
optimisation variables, see also [8], where a similar 
approach is used to constrain maximal accelerations of a 
roller coaster system. Also lower (lb) and upper (ub) 
bounds for the optimisation variables decrease convergence 
time. For our time optimal PtP problem, positions should 
only vary in  (value n-normal) and  (value b-
binormal) direction of the end-effector coordinate system, 
while the orientations should only vary for the Cardan 
angles  (rotation around ) and  (rotation around ), 
see Fig. 7. This restriction increases the convergence and 
does not influence the result significantly.  
 

 
Figure 7 Optimisation variables. 

 
The whole set of optimisation variables is 
 

 
(44)

 
where l and k are the number of intermediate points for 
position and orientation, respectively. Geometrical 
constraints like barriers in the workspace can be defined as 
additional nonlinear constraints. For instance, the distance 
between the end-effector and a disturbing object 

 should be greater than a safety distance 

. Summing up the above mentioned assumptions, the 
optimisation problem reads as 
 

(45)

 
subject to 
 

(46)
(47)

 
This can be solved e.g. with the BOBYQA algorithm of the 
NLOPT optimisation package, see [16] and [17] for details. 
Note, in the cost functional Eq. (45), the time optimal CP 
trajectories have to be computed. 
The overall optimisation strategy for the PtP trajectories is 
summarised in the flowchart Fig. 8. 

 
 

Figure 8 Flowchart of PtP optimisation approach. 

4  RESULTS 

4.1 PRESENT APPROACH 
The proposed method is applied for a specific PtP 
trajectory planning problem. The test case is chosen in such 
a way, such that the initial trajectory passes near the wrist 
singularity of the robot. For a PtP solution this is not time-
optimal due to the velocity constraint being active near the 
singular position. It is shown that the PtP time-optimal 
trajectory diverges from this singularity in an optimal 
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manner such that process time decreases. So the start- and 
endpoint are defined as 
 

 

(48)

 

(49)

 
see Fig. 9. For the optimisation, two equidistant 
 

 
Figure 9 Initial and optimised trajectory  

in Cartesian coordinates. 
 
intermediate points  between start and endpoint, 

that are located on a straight line, are chosen, yielding 
 

 

(50)

 
A similar procedure is chosen for the orientation 
description. For this case three intermediate Cardan angles 
are chosen. Applying the optimisation algorithm from 
section 3 yields the optimal intermediate points. The upper 
and lower bounds for the variations of positions and 
orientations are given in Tab. I.  

 
Table I - Upper and lower bounds for optimisation 

variables 
 n1, n2 b1, b2  

lb -0.2m -0.5m rad  rad 
ub 0.4m 0.2m  rad  rad 

 
The optimised result for the positions is 
 

 

(51)

 
while the optimal intermediate Cardan angles are 

 

 

(52)

 
These points are interpolated by the spline curves, 
described in section 2. Figure 9 presents the optimised 
trajectory in world coordinates, while Fig. 10 shows the 
time behaviour of the Cardan angles  and  of the end-
effector.  
 

 
Figure 10 Optimised Cardan angles for end-effector. 

 
For the particular chosen start- and endpoint, the optimised 
angle  is nearly zero. The resulting joint angles, 
normalized joint velocities and normalized motor torques 
are presented in Figs. 11, 12 and 13. 
 

 
Figure 11 Joint angles: present approach. 

 

 
Figure 12 Normalised joint velocities: present approach. 
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Figure 13 Normalised torques: present approach. 

 

4.2 MUSCOD-II SOLUTION 
An alternative solution for the same PtP problem is solved 
with the numerical solver MUSCOD-II, see [9] for details. 
The two point boundary value problem 
 

 
(53)

 
subject to 
 

 (54)

 (55)

(56)

 (57)

 (58)

 (59)

 (60)
 
is solved with the well known multiple shooting method. In 
contrast to the dynamic programming approach, presented 
in section 2.3 here additionally the motor torques are 
included to the cost functional, to achieve good 
convergence. However the weighting  

 is chosen to get (nearly) time optimal 
solutions. The results for the MUSCOD-II optimisation are 
presented in Figs. 14, 15 and 16. 
 

 
Figure 14 Joint angles: MUSCOD-II solution. 

 
Figure 15 Normalised joint velocities:  

MUSCOD-II solution. 
 

 
Figure 16 Normalised torques: MUSCOD-II solution. 

 
4.3 COMPARISON 
A comparison between both methods shows, that joint 
positions start at the same values, while the end position of 
the joints angles is different, cp. Figs. 11 and 14. 
Obviously, this effects the velocities. Regarding the motor 
torques (Figs. 13, 16), one can mention that in both cases, 

 is most of the time either in positive or negative 
boundary. In the MUSCOD-II solution, the maximum 
torques are more often at their boundaries, while the joint 
velocities are in a quite similar range. An interesting and 
important comparison point is the total energy consumption 
 

(61)

 
for this specific task. Table II shows the summed up 
comparison for both algorithms.  
 

Table II - Comparison: present approach,  
MUSCOD-II solution 

 Present Approach MUSCOD-II Solution 
tcpu 27 sec 150 sec 
te 0.69 sec 0.66 sec 

Energy 2270 Ws 2840 Ws 
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For the present approach, the task requires 20% lesser 
energy. Of course, this is a specific result for the chosen 
PtP problem and has to be evaluated for appropriate test 
scenarios to make a general statement. The task time  is 
for both methods nearly the same. The time  indicates 
the computational time for solving the optimisation 
problem on a standard PC. This time is about a factor of 5 
lower for the present approach. There is also a code 
optimisation potential, since at the moment only non-
optimised C- code is used. 

5  CONCLUSION 

This paper shows a method to get time optimal PtP 
trajectories for industrial robots. The main idea is to 
calculate optimal CP trajectories and vary in a second step 
intermediate points with a nonlinear solver. For the CP 
trajectories, we suggest a dynamic programming approach, 
since it delivers fast solutions. However, it is not important, 
how the time-optimal CP trajectories are computed. So the 
approach may also be interesting for robot manufacturers 
that have a solution for the CP problem and want to extend 
it to the PtP problem. A comparison with results evaluated 
with the multiple shooting method shows the effectivity of 
the approach and nearly the same end-time  for the 
trajectory. However, what has to be done in future is a 
proof of optimality which is not part of this paper. 
Including disturbing objects for specific cases will also be 
done in future works. 
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ABSTRACT 
 

For fast and accurate motion of a Parallel Manipulator, model-based control needs to be 
implemented. However, the dynamic model has uncertainties not only because of the 
unmodeled dynamics but also when, for instance, unknown inertial parameters can appear. 
To relax the requirement of exact knowledge, an adaptive controller has been developed in 
this paper. The controller is implemented in a modular way using Orocos, a real-time 
middleware and is compared with a fixed model passivity-based controller in simulation 
and experimental. Results show that the adaptive controller improves the trajectory tracking 
precision, compared to the fixed controller, when a payload is handled by the robot.  

Keywords: Parallel manipulators, model-based control, adaptive robot control, control applications 

 
 

1  INTRODUCTION 

A Parallel Manipulator (PM) consists of a moving platform 
connected to a fixed base by at least of two kinematics 
chains. The end-effector in a PM is attached to the moving 
platform, so the load is shared by the kinematics chains 
connecting the moving platform to the fixed base. This fact 
gives to the PMs high stiffness, high load-carrying capacity 
and high accuracy. PMs are nowadays an active research 
field where several prototypes have been developed, for 
instances: motion simulators, tire-testing machines, flight 
simulators and medical applications [1-7]. In addition, PMs 
with very high accelerations, such as 200m/s2 for the PAR4 
manipulator [8] or 50m/s2 for the Urane SX machine tool 
[9] have been proposed. 
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In spite of the advantages that PMs have over serial robots, 
the implementation of PMs in real applications is difficult. 
One of the difficulties lies on the controller design of PMs. 
Due to the inherent closed-loop constraints, the joints of 
PMs are tightly coupled and the dynamic characteristics are 
highly nonlinear [10]. The highly coupled dynamics makes 
it difficult to move a PM along a trajectory accurately and 
quickly. Moreover, the controller design can be a 
challenging work, which has aroused the interest many 
researchers in recent years [10 - 15]. 
In this paper, the dynamic controller design problem of a 
PM is addressed. The controller is implemented on a low-
cost three degree-of-freedom (DOF) spatial PM. The robot 
was developed at Universitat Politècnica de València; its 
end effector is able to perform two angular rotations 
(rolling and pitching) and a linear motion (heave). The 
robot is equipped with an open control unit based-on 
industrial PC. 
For the implementation of the model-based controller, exact 
knowledge of the system dynamics is required.  The 
dynamic model of the PM implemented into the model-
based control is based on a reduced model formulated in the 
joint space. The model is obtained by Gibbs-Appell 
equation and then the model is the reduced to a subset of 
identified relevant parameters [15]. The relevant parameters 
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considered only those dynamic parameters with have 
significant influences on the robot dynamics; in addition the 
identified parameters are physically feasible. Due to this 
fact, the dynamic model has uncertainties. Moreover, an 
unknown inertial parameters can appears when a payload 
mass is grasped by the robot.  Particularly, this kind of 
uncertainty limits the applicability of model-based 
controllers. To relax the requirement of exact knowledge, 
an adaptive controller for the PM has been adopted. The 
chosen control strategy is an adaptive passivity-based 
controller. One of the useful properties of these passivity-
based tracking controllers is that the controller can easily be 
modified to account for parametric uncertainty of the robot 
dynamics. The controller takes advantages of the real-time 
middleware Orocos, allowing the control implementation in 
a modular way. To verify and validate the proper operation 
of the adaptive controller, a fixed passivity-based tracking 
controller has also developed and a comparison of these 
controllers is presented. 

2  THE LOW-COST 3-DOF PARALLEL ROBOT 

2.1 PHYSICAL DESCRIPTION OF THE LOW-COST PM 

As mentioned before, a 3-DOF spatial PM was used for 
addressing the controller design problem. The robot 
consists of three kinematics chains; each chain has a PRS 
configuration (P, R, and S standing for prismatic, revolute, 
and spherical joint, respectively), The underlying format (P) 
stand for the actuated joint. The choice of the PRS 
configuration was guided by the need of developing a low-
cost robot with 2 DOF of angular rotation in two axes 
(rolling and pitching) and 1-DOF translation motion 
(heave). In [16] a completed description of the mechatronic 
development process of the PM is presented. 
The physical system consists of three legs connecting the 
moving platform to the base. Each leg consists of a motor 
driving a ball screw (prismatic joints) and a link with is 
lower part connected by a revolute joint to the ball screw. 
The upper part is connected to the moving platform through 
a spherical joint.  The lower part of the ball screws are 
perpendicularly attached to the base platform. The positions 
of the ball screws at the base are in equilateral triangle 
configuration. The ball screw transforms the rotational 
movement of the motor into linear motion.  
The motors in each leg are brushless DC servomotor 
equipped with power amplifiers. The actuators are Aerotech 
BMS465 AH brushless servomotors. The motors are 
operated by Aerotech BA10 power amplifiers.  
In order to implement the control architecture for the 
parallel robot, an industrial PC has been used. It is based on 
a high performance 4U Rackmount industrial system with 7 
PCI slots and 7 ISA slots. It has a 3,06GHz Intel® 
Pentium® 4 processor and two GB DDR 400 SDRAM. The 
industrial PC is equipped with 2 Advantech™ data 
acquisition cards: a PCI-1720 and a PCL-833. 
 

 

Figure 1 3-PRS parallel robot implemented 

The PCI-1720 card has been used for supplying the control 
actions for each parallel robot actuator. It provides four 12-
bit isolated digital-to-analog outputs for the Universal PCI 
2.2 bus. It has multiple output ranges (0~5V, 0~10V, ±5V, 
±10V), programmable software and an isolation protection 
of 2500 VDC between the outputs and the PCI bus. The 
PCL-833 card is a 4-axis quadrature encoder and counter 
add-on card for an ISA bus. The card includes four 32-bit 
quadruple AB phase encoder counters, an onboard 8-bit 
timer with a wide range time-based selector and it is 
optically isolated up to 2500V. Fig. 2 shows the control 
architecture based on an industrial PC developed for this 
study. 
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Figure 2 Robot control architecture. 
 
The PC-based control system has two main advantages: 
First, it is a totally open and it gives a powerful platform for 
programming high level tasks based-on Ubuntu 12.04 
operating system. Thus, any controller and/or control 
technique can be programmed and implemented, such as 
automatic trajectory generation, control based on external 
sensing using a force sensor or artificial vision, etc. The 
second main advantage is the low-cost of the robot. 
Because it is based on a PC running free and open-source 
software, the total cost of the control architecture doesn’t 
exceed $2000. 
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2.2 KINEMATIC MODEL 

For control purpose both direct and inverse kinematics 
problem has to be solved.  Given the actuators’ linear 
motions, the direct kinematics of a PM consists of finding 
the roll ( ) and pitch ( ) angles and the heave (z). The 

kinematic model is established by means of Denavit-
Hartenbert (D-H), thus, 9 generalized coordinates are 
defined for modelling robot kinematics. The location of the 
coordinate systems is shown in Fig. 3. 
 

 

Figure 3 Location of the coordinate systems 

 
From the figure it can be seen that the length between pi and 
pj is constant and equal to lm. Thus, applying the geometric 
approach the kinematics model can be established as 
follows, 

      0,,,
222221111176211  mpBBAAApBBA lrrrrrqqqqf

 (1) 

      0,,,
333331111198212  mpBBAAApBBA lrrrrrqqqqf

  (2) 

      0 ,,,
22222133333198763  mpBBAAApBBAAA lrrrrrrqqqqf

  (3) 

In the forward kinematics the position of the actuators is 
known, thus the system of equations (1)-(3) is a nonlinear 
system with q2, q7 and q9 as unknown. The Newton-
Raphson (N-R) numerical method is chosen to solve the 
nonlinear system. The method converges rather quickly 
(quadratic convergence) when the initial guess is close to 
the desired solution [17]. 
The location of the moving platform is defined using a local 
coordinate system attached to it. The coordinates of the 
spherical joints of the moving platform are obtained after 
having found the generalized coordinates of each leg of the 
robot. These three joints share the plane of the platform, so 
a local axis Xp is defined as a unit vector u


 with the 

direction given by p1 p2. The axis Zp is defined by a unit 
vector v


 perpendicular to the plane defined by pointsp1, p2 

and p3. Finally, the axis Yp (axis w


) is determined by the 

cross product vu


 . The rotation matrix of the moving 
platform is given by, 
 

 TTT
p

O zvuR


           (4) 

The remaining generalized coordinates (q3, q4 and q5) are 
found from the rotation matrix. 
On the other hand, the inverse kinematics consists of 
finding the actuators’ linear motion given the roll ( ) and 

pitch () angle and the heave (z). Using an X-Y-Z fixed-

angle system, the rotational matrix can be defined as, 
 











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




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
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

ccscs

sccssccssscs

sscsccsssccc

Rp
O  

 

(5) 

In the above equation, c* and s* stand for cos(*) and sin(*), 
respectively. Given   and   the yaw angle ( ) can be 

found as follows, 
 

   ccss  ,2atan   (6) 

 
Having found the angle  , the remaining terms of the 
rotational matrix can be found. The actuator positions can 
be found by the following expressions [3], 
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(9) 

where 3/mlh  , 3/blg  , px=-huy, py=-h(ux-vy),  pz=z and 

lb are the lengths between AiAj. 
 

2.3 DYNAMIC MODEL 

One of the goals of this paper is to develop an open control 
architecture allowing the implementation and testing of 
dynamic control schemes. This kind of dynamic controllers 
requires describing the equation of motion as follows, 
 

      











 ,,,, qGqqqCqqM  (10) 
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From equation (10) it can be seen that the system mass 
matrix M, the vectors corresponding to the centrifugal and 
Coriolis forces C, and the gravitational forces G depend on 
the dynamic parameters 


 and the external generalized 

forces  .  
In order to identify the dynamic parameters, the model in 
linear parameter form has to be build first as follows as in 
[15], 
 

  







qqq ,,K  (11) 

In equation (11),  qqq







,,K   is the observation matrix 

corresponding to the set of generalized coordinates, 
velocities and accelerations. For this parallel robot, a 
complete and reduced model can be obtained [18]. The 
complete model contains all the rigid body dynamic 
parameters affecting the dynamic behavior of the robot has 
been obtained. This model consists of the Coulomb and 
viscous friction parameters, the rotor and screw dynamics 
of the robot actuators and the rigid body base parameters.  
However, not even those parameters could always be 
properly identified in this base parameters model. Thus, the 
reduced model contains only the relevant parameters 
obtained through a process which considers the robot's leg 
symmetries, the statistical significance of the identified 
parameters, and the physical feasibility of the parameters. 
The equations of robot motion have several fundamental 
properties that can be exploited to facilitate dynamic 
controllers design. One of the useful properties is that there 
is a reparametrization of all unknown parameters into a 

parameter vector pR


that enters linearly in the system 
dynamics (11). Therefore, the following holds, 
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where      .  ,.  ,. 000 GCM


 represent the know part of system 

dynamics, and  u,v,w,xY  is a regressor matrix of 

dimension [nxp] that contains nonlinear but known 
functions. 
As a consequence of this property, the left hand side of (10) 
can be written as, 
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Because the actual 3-PRS parallel robot reduced dynamic 
model has 12 parameters (3 of rigid body base parameters, 
3 of the actuator dynamics and 6 of Coulomb and viscous 
friction), it can be expressed as, 
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Therefore, different combinations can be considered 
according with the unknown robot parameters. For 
example, if the rigid body parameters constituting the 
reduced model are assumed to be unknown, then (13) can 
be written as, 
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(20) 

3  ADAPTIVE MODEL-BASED PM CONTROL 

3.1 ADAPTIVE CONTROL SCHEME 

It is possible to find in the literature different adaptive 
control schemes that do not suffer from the parameter drift 
problem. For example, Bayard and Wen have developed in 
[19] a class of adaptive robot motion controllers, but in this 
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work the following one has been developed for the parallel 
robot:  
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where ees





11  , with I11   and 01  . 

The close-loop system (14)-(21)-(22) is convergent, that is 
the tracking error asymptotically converge to zero and all 
internal signals remain bounded, under a suitable conditions 
on the controller gains Kp and Kd. 
 

3.2 CONTROL SIMULATIONS 

To validate the correct operation of the adaptive control 
algorithm, several Matlab/Simulink schemes for the parallel 
robot simulation has been developed. Fig. 4 shows the 
scheme implemented for the adaptive controller. Simulink 
block Y(q,dq,ddq) implements the regressor matrix of 
equation (19). Inertial Terms M0 and Coriolis Terms C0 
blocks implement the know part of the robot dynamics 
(equations (13) or (18)). Finally, PD block implements the 
proportional-derivative term.  
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Figure 4 Adaptive controller simulation scheme 

On the other hand, in order to verify the adaptive controller 
features, a passivity-based trajectory tracking controller has 
been also implemented. The control low considered is [20]: 
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This passivity-based controller has been chosen because it 
has very good robust properties and because its expression 
is similar to the adaptive controller developed for this work, 
so it is easy to compare and analyze their characteristics. 
As mentioned before, because the reduced robot model has 
12 parameters, the adaptive scheme can be developed for 
different cases, depending on which parameters are 
considered unknown. In this work, the adaptive controller 
developed considers only rigid body parameters, so the 
robot model is expressed using equation (14)-(17).  
In this way the following figures show the references and 
the positions obtained with an adaptive controller and a 
passivity-based dynamic controller, and the absolute 
position error. In the simulation it has been considered that 
at t=20sec a mass of 30 kg was placed in the mobile 
platform m3, so it changed from 12kg to 42kg. 
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Figure 5 Position (a) and absolute error  

(b) of the first actuated joint. 
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Figure 6 Adaptive control flowchart implemented in Orocos 

As it can readily be appreciated in the Fig. 5, the error that 
is discussed with both controllers before modifying m3 is 
very similar. However, after modifying this mass, the 
adaptive controller response is much better since the 
passivity-based controller uses wrong values of some 
dynamic parameters. Note that very similar results has been 
obtained for second and third actuated joint. 
 

3.3 EXPERIMENTS WITH THE CURRENT LOW-
COST ROBOT 

 
In addition to the simulations schemes, in this work, the 
passivity-based and the adaptive controllers described 
before have been developed in a modular way using a real-
time middleware. 
In particular, the middleware used is Orocos (Open Robot 
COntrol Software), which provides the main features of a 
component-based middleware: creation of an abstraction 
layer between the operating system and the application 
layer and communication infrastructure component-based 
model. The Orocos project consists of a series of libraries 
and tools, being the most important the OrocosToolchain. 
This tool includes the two main libraries (RTT and OCL) to 
create the components and control schemes. Using this 
component-based middleware, we have developed a 
modular structure for the Paden-Panja control (Eq. 23) and 
adaptive control (Eq. 21).  
Furthermore, component-based software development (with 
Orocos) has a number of advantages such as: 
 easy flow tracking execution. 
 distributed execution, with each component in a 

different thread, reducing the execution time. 
 code-reusability. Note that the two controllers 

implemented (Eq. 21 and 23) have very similar 
structure. Thus, a single component has to be 
implemented only once and can be used on any other 
scheme many times. 

Using the parallel robot and its open hardware and software 
control system, different control algorithms have been 
developed and tested.  It’s remarkable that all the schemes 
has been made in a modular way (using Orocos), with a 
cascade control and a frequency of 100Hz (tsample=10 ms). 
For example, in Fig. 6 can be seen the adaptive control 
implemented in a modular way using Orocos. As 
commented above, the execution is in cascade, being the 
SensorPos component in charge of waking up the other 
components. Using this technique, a distributed execution is 
performed, decreasing execution time. 
The real executions have shown that the robot response is 
very good and, if a payload is added to the moving 
platform, see Fig. 7, a direct change occurs in the 
estimation of the rigid body parameters, which is not the 
case for the viscous friction. 
 

 
Figure 7 Actual parallel robot with the 30kg load placed  

on the mobile platform 
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The following figures show the response obtained from the 
actual robot: Fig.8 shows the reference and the robot q1 
positions for the adaptive and the passivity-based 
controllers. Fig. 9 shows the absolute error values of 
passivity-based and adaptive controllers. Fig. 10 shows the 
control action (in volts.) provided by the adaptive 
controller. The motion references are very similar as the 
references used in simulation. The only difference is that in 
the middle of execution, the robot remains in the same 
position for 8 seconds (between t =85 and t = 93seg). This 
time allows us to place a load of 30kg on the robot 
platform. 
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Figure 8 Reference and robot positions (passivity-based  
and adaptive controllers) for the first actuated joint. 
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Figure 9 Absolute error position for the first actuated joint 
 
The results obtained with the actual robot agree with those 
obtained in the simulation: because of the estimation the 
on-line dynamic parameters, the change of the load means 
that the robot response using an adaptive controller is 
significantly better than that obtained with the passivity-
based controller.  
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Figure 10 Control action (adaptive controller)  
for the first actuated joint 

 
The mean squared error of both controllers can be seen in 
Tab. I. There, one can observe that during the first 90 
seconds (without payload) the error with an adaptive and a 
passivity-based control is very similar. However, after 
placing a load of 30 kg on the robot platform (the next 90 
seconds), the adaptive control works much better than the 
other one. This is because the adaptive control calculates 
the new dynamic parameters on-line (after placing the 
charge). However, since the passivity-based control doesn’t 
calculate the dynamic parameters online, after putting the 
weight, the error increases significantly. 
 

Table I - Mean squared error (MSE) of adaptive and 
passivity-based controllers. 
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 Adaptive Pasivity-Based 
Without payload 4.3·10-4 6.2·10-4

With payload 5.6·10-4 1.4·10-4

4  CONCLUSIONS 

In this paper, the adaptive control of a 3-DOF parallel 
manipulator was considered. The adaptive controller is 
based on a reduced robot dynamic model. This model 
contains only a set of relevant parameters obtained through 
a process which considers the robot’s leg symmetries, the 
statistical significance of the identified parameters, and the 
physical feasibility of the parameters. The reduced dynamic 
model has uncertainties not only because of the unmodeled 
dynamics but also when unknown inertial parameters can 
appear, for instances, when a payload mass is grasped by 
the robot. This kind of uncertainty limits the applicability of 
model-based controllers. To relax the requirement of exact 
knowledge, an adaptive controller for the PM was 
implemented. The adaptive scheme can be rewritten 
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depending on the robot parameters that are assumed to be 
unknown. 
In order to analyze and validated the control algorithms, 
they have been tested on a virtual and an actual prototype of 
a parallel robot. The simulations of the virtual robot were 
developed in Matlab/Simulink. The actual prototype is a 
low-cost, parallel robot developed at Universitat Politècnica 
de Valencia.  
The control of the actual robot has been implemented in 
Orocos middleware. Because it is a component-based 
middleware, Orocos provides several advantages like 
modular design and structure, reusable code, modules 
reconfiguration in real-time. 
Using Orocos, an adaptive and a passivity-based controller 
have been developed. The results indicate that the adaptive 
controller perform better than the passivity-based controller 
if there are differences between the supposed and the real 
parameters used in the robot dynamic model. 
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ABSTRACT 
 

The paper presents a wearable sensory system aimed at tracking of motion parameters and 
estimation of kinematic data of the wearer for use in controlling active lower-limb ortho-
prostheses. The sensory system comprises inertial and magnetic measurement units (IMUs) 
attached to body segments and sensorized insoles worn inside sneaker shoes. Through 
sensory fusion, the IMUs data is used to produce estimates of segment orientations, while 
the insoles provide information on vertical ground reaction force amplitude and 
distribution. The paper outlines the principles of the algorithms and shows the evaluation of 
them. Algorithms use both reference and wearable sensory data to extract information about 
the subject's kinematics, movement type and phase and track selected biomechanical 
stability descriptors. The paper discusses preliminary experimental results of the proposed 
algorithms. 

Keywords: Wearable sensors, Active prosthesis, Sensory Fusion, Movement identification, 
Phase segmentation, Stability tracking. 

 

1 INTRODUCTION 

Loss of a lower-limb can be a great obstacle in the life of 
persons following lower-limb amputation. It may affect the 
person's general health. Amputation can be performed at 
different levels, such as foot level, knee level or at the level 
of the thigh. Above-knee amputation is usually the most 
stressful of amputation types as it greatly diminishes the 
person's natural area of movement [1]. Persons following 
amputation tend to consume more metabolic energy than 
healthy persons and require greater level of mental effort to 
move their body without falling [2]. The goal of the EU-
funded CYBERLEGs project (The CYBERnetic LowEr-
Limb CoGnitive Orto-prosthesis) is aimed at development 
of a robotic, wearable ortho-prosthesis. 
Since currently available passive and active prostheses do 
not greatly diminish effort and energy consumption, the aim 
of the project is the development of a cognitive robotic 
system for persons following above-knee amputation that 
enables them to perform previously demanding movement 
manoeuvres with minimal mental effort and energy 
consumption. The manoeuvres of interest are steady-state 
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ground-level walking, stair ascent and descent as well as 
sit-to-stand and stand-to-sit movement. Laboratory of 
Robotics at the Faculty of Electrical Engineering, 
University of Ljubljana is involved in development of a 
wearable sensory system, sensory fusion, cognitive decision 
making and intention detection algorithms alongside 
tracking of stability parameters during movements. 
In laboratory environment, systems used for assessment of 
kinematics parameters are usually based on an optical 
principle with the use of passive (Vicon) or active markers 
(Optotrak) [3]. Such laboratory systems have high accuracy 
but they are large, expensive, stationary, and have limited 
measurement space. Recently, the use of inertial and 
magnetic sensor for assessment of human kinematics 
parameters has become a common practice [4], [5]. Inertial 
sensors are less accurate compared to laboratory systems, 
however, they are lighter, cheaper, wearable and do not 
alter natural movement patterns. As such they can also be 
used outside the laboratory environment. 
Fusion of sensory signals from inertial and magnetic 
sensors placed on body segments is used to assess the 
segments' orientation. Kalman filtering is a common 
approach for this task, where orientation is estimated by 
integrating angular velocity [6], [7]. Due to the drift of 
integrated gyroscope output and temperature dependency, 
the orientation error tends to grow with time. 
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To compensate for the error of integration, the integrated 
orientation estimate is fused with the orientation estimate 
obtained from accelerometer and magnetometer data. 
The sensory system, via sensory fusion algorithms, should 
provide the cognitive system with information on the user's 
kinematic parameters while the cognitive system provides 
information about the user's current movement state and 
intention to the controller. Additionally, tracking of stability 
parameters should be incorporated into the cognitive 
system, in order to provide a basis for decisions on reactive 
movement when a sudden loss of balance is imminent. 
This paper is divided into four parts that comprise the 
cognitive system of CYBERLEGs and build upon each 
other. The first section describes the wearable hardware 
used for extracting information on user movement and 
intention as well as body kinematic parameters. The second 
part describes the principles upon which the sensory fusion 
and extraction of kinematic parameters are based and also 
provides some preliminary evaluation data of the proposed 
algorithms. Based on sensory data, part three presents a 
cognitive machine that identifies current movement 
manoeuvre that user is performing and classifies phases 
within that particular movement type. The system provides 
data on steady states as well as transitions between these 
states. Furthermore, part four describes tracking of 
independent particular stability descriptive parameters are 
tracked based on a statistical anthropometric model, 
estimated kinematic parameters and directly measured 
sensory information. 

2 WEARABLE SENSORY SYSTEM HARDWARE 

The CYBERLEGs sensory and feedback system uses 
commercially-available components and custom-made 
sensing components, developed within the CYBERLEGs 
Consortium (see schematic shown in Figure 1). As the 
figure shows, the system comprises several wearable 
sensors - sensorized insoles, pressure-sensitive pads to 
measure human-robot interaction, inertial measurement 
units (IMUs), vibrotactile modules for afferent feedback 
and sensors for detection of amputee psychophysiological 
stress status - in addition to sensors for controlling the 
actuation system and measurement of the joint positions of 
the ortho-prosthesis. Communication with the main 
controller employs both UDP and SPI protocols, while 
sensory fusion runs on a separate real-time OS (xPC 
Target) based machine. 
The inertial measurement units are used for assessing the 
orientation of human body segments, and shoe insoles for 
measuring ground reaction forces. The sensory data 
acquisition unit consists of two wireless receiver units (RU) 
for fetching data via 802.15.4 (ZigBee) and Bluetooth 
protocols. Transfer of acquired data employs Ethernet UDP 
communication to the controller that runs the tools for data 
processing and sensory fusion algorithms. 

 

Figure 1 CYBERLEGs wearable sensory system: sensors 
and data acquisition unit. 

 

2.1  SENSORIZED INSOLES 

The CYBERLEGs pressure-sensitive insoles, developed at 
Scuola Superiore Sant' Anna, Pisa, Italy [8], comprise an 
array of 64 pressure sensors and fit into normal sneaker 
shoes. Each cell has a working range from 0 to 70 N. They 
are wireless, run on battery power and output vertical 
ground reaction force estimate as well as a distribution of 
this force along the sole (Centre of Pressure - COP). 
 

2.2  INERTIAL MEASUREMENT SYSTEM 

An inertial and magnetic measurement unit (Figure 2) 
consists of three sensors which measure 3D vectors of 
angular velocity (range ±500 ˚/s), translational acceleration 
(range ±2 G), and magnetic field (range ±1.3 Ga) and is 
equipped with an on-board 8-bit processor [9]. The size of 
the IMU without the battery is 30 ⨯ 20 ⨯ 5 mm. For 
measuring kinematic parameters of the human body, seven 
IMUs are used. Each of the IMU is placed on an individual 
segment of lower extremities: feet, shanks, thighs, and 
trunk. Placement of the IMU on the segment is determined 
with initial evaluation of IMU orientation during standstill. 

 

Figure 2 Inertial measurement unit with a battery. 

3 ASSESMENT OF KINEMATIC PARAMETERS 

Kinematics of the human body can be estimated using data 
provided by wearable sensors. Based on sensory signals 
from seven IMUs, we have developed an algorithm for 
kinematics parameters assessment by means of sensory data 
fusion. 
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A common approach for determining segment orientations 
is the use of an Unscented Kalman filter applied to the 
measurement data [9]. The approach is based on individual 
segment's angular velocity integration during motion and 
orientation correction with respect to gravity and the Earth's 
magnetic field. The accelerometer is used as an 
inclinometer by comparing measured acceleration vector to 
the vector of gravity in order to determine the intermediate 
angle of inclination. For successful implementation of the 
magnetometer into the algorithm it is assumed that 
magnetic field in space is locally constant (constant 
direction and length) and non-parallel to gravity. 
Considering this assumption, the angle of rotation around 
the gravity vector can be calculated by comparing the 
measured magnetic vector with the initial vector of the 
magnetic field. 
The approach often results in a drift during long-term 
dynamical movement due to gyroscope drift, errors 
introduced by separation of gravity and dynamic 
acceleration and changes of the magnetic field. To 
compensate for this effect, resetting during standstill was 
introduced. In order to further reduce the drift without the 
need for standstill, a kinematic model of the human body 
was incorporated into the sensory fusion algorithm. 
To determine joint angles that describe relative position 
between segments, an error quaternion between two 
adjacent segments is calculated and presented with rotation 
angles as shown in Figure 3. 

 

Figure 3 Calculation of body kinematic parameters. 

Other parameters which can also be obtained with the 
presented wearable system (e.g. step duration, gait 
frequency, acceleration of centres of mass, etc.) exceed the 
scope of this paper. 

4 MOVEMENT CALSSIFICATION AND PHASE 
DETECTION 

In literature, authors presented segmentations for different 
movement types: ground-level walking [10], walking over 
obstacles [11], stair climbing [12], sit-to-stand and stand-to-
sit [13]. A threshold-based decision tree was developed for 

performing recognition of ground level walking with gait 
phases, stair ascent and descent and stand-to-sit and sit-to-
stand manoeuvre based on wearable sensory data. In Figure 
4 a conceptual state diagram with all the possible transitions 
between detected manoeuvres and gait phases is presented. 

 

Figure 4 A conceptual diagram of the detected set of 
movement types and transitions; iW - initiation of walking; 

iSA - initiation of stair ascent; iSD - initiation of stair 
descent; tW - termination of walking; tSA - termination of 

stair ascent; tSD – termination of stair descent. 

The decision tree was tuned off-line to perform movement 
identification and intention detection as well as phase 
segmentation within recognized manoeuvres. The algorithm 
was tested with healthy subjects online, in real-time. 
Results show that while this approach is successful for 
recognition of movement types, it is sensitive to unexpected 
behaviour. For this reason, a more robust, state-machine 
architecture for the algorithm was built. This approach 
allows transitions between states to occur only when they 
satisfy a number of specific conditions. The transition 
threshold values may be defined manually while specific 
conditions and the general order of magnitude of these 
values remain unchanged. On the other hand, this makes the 
classification and segmentation machine less tailored to a 
specific wearer of the sensory system. 
As an alternative, a fuzzy logic approach was utilized. The 
approach resulted in creating soft (fuzzy) transition rules 
for the state-machine with the use of fuzzy clustering 
method. The method outputs probability with which the 
fused sensory data best fits a given signal cluster [14]. The 
centres of each cluster were taught before-hand, offline. 
Probability is calculated as the distance to each of the 
centres. 
 

5  TRACKING OF BALANCE DESCRIPTORS 

The human body is a multi-body system, supported by only 
one or two relatively small segments, which results in a 
fairly small supportive polygon. This polygon is a convex 
hull that includes all points of contact between the body and 
the outside world. Human posture is defined by reciprocal 
relationships of human-body segments and their orientation 



ISSN 1590-8844 
International Journal of Mechanics and Control, Vol. 15, No. 01, 2014 

 

56 

with respect to the Earth's inertial frame. One of the goals 
of the CYBERLEGs project is to track estimates of 
particular balance descriptors using only data derived from 
wearable sensors. 
Two balance descriptors were chosen for tracking: the 
whole body Centre Of Mass (COM) and the Zero-Moment 
Point (ZMP - a point on the ground where the horizontal 
components of the resultant moment are equal to zero). 
The COM is determined from kinematic parameters of the 
user and warrants knowledge of mass and inertial 
parameters of particular segments of the human body. Thus, 
the segmental COM positions are estimated according to 
segment orientations and statistically-determined human 
body anthropometrical data [15]. 
The ZMP can either be measured (when the resultant 
horizontal moment is balanced) or estimated from a 
combination of kinematic and inertial data. The derivation 
of ZMP through forward kinematics is based on moment 
equilibrium in the ground plane, following Equation (1) 
[16]: 
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The index i  denotes the i-th segment, im  mass, i  and 

i  angular velocity and acceleration, respectively. iI  is 

the segment’s inertia matrix, while iCOMr ,


 and ZMPr


 denote 

vectors of segment COMs (former) and ZMP (latter). 
The proposed algorithms build upon assumptions, which 
introduce some limitations to the accuracy of the estimates. 
They assume that all body segments are non-compliant, the 
ground is rigid and level and no sliding or slipping occurs. 
Furthermore, all anthropometric and kinematic information 
is assumed known [16]. 
 

6  EXPERIMENTAL EVALUATION 

Experimental data was collected in experiments with 
multiple subjects performing walking, stair climbing and 
sit-to-stand manoeuvres. Using NDI Optotrak 3D optical 
position measurement system, spatial positions of active 
infrared markers, attached to bony landmarks of the 
subject's body, were measured. Linear and angular 
velocities as well as accelerations were either derived from 
3D position data (only dynamic acceleration) or directly 
measured by the inertial measurement units, placed on the 
subject's body segments. In the latter case, each IMU was 
equipped with three IR markers, relaying information on 
placement position and orientation to the investigators. 
During the walking manoeuvre, data from sensorized 

insoles was collected in order to determine foot-ground 
contact times and estimates of vertical ground reaction 
force and centre of pressure. Two IR markers were 
positioned at the side of the shoe soles to estimate (with 
knowledge of the sole outline with respect to these markers) 
the contact hull of support for each foot. Sensor placement 
is shown in Figure 5. Experimental validation of the 
wearable system for measuring movement kinematics of 
healthy subjects was performed by comparison of 
orientations obtained from IMUs with data acquired by the 
Optotrak system. 
 

 

Figure 5 Experimental evaluation: reference system 
(Optotrak Certus and force plates) and wearable sensors 

(IMUs and insoles). 

6.1 DETECTION OF WALKING PHASES 

Initial testing and validation was performed for the walking 
manoeuvre. Figure 6 shows results of online recognition for 
the walking manoeuvre with gait phases using a hard-coded 
state-machine and fuzzy clustering method.  
Results of preliminary comparison show more robust 
performance of the state-machine algorithm, while fuzzy 
logic offers easier adjustments to an individual subject. 
Currently, the fuzzy clustering method requires the clusters 
to be defined offline, based on a learning set, before 
applying them to the classification and segmentation 
engine. 
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Figure 6 Results of manoeuvres and gait phase detection, 
comparing two different approaches (above: state machine, 

below: fuzzy logic clustering). 

 

6.2 MOTION KINEMATICS TRACKING IN 
STANDING-UP 

Experimental validation of the wearable system for 
measuring movement kinematics of healthy subjects was 
performed by comparison of joint angles obtained from 
IMU with data acquired by a reference measurement 
system (Optotrak). Joint angles were derived from 
measured positions of markers placed on bony landmarks 
of the subject's body.  

 

Figure 7 Typical knee and hip angles and trunk inclination 
during standing up, obtained with reference system (OPTO) 

and wearable system (IMU). Times t1 and t2 denote the 
start and finish of standing up, respectively. 

Five IMUs were placed on body segments (shanks, thighs 
and trunk) along with IR active markers for position 
reference. Joint angles were obtained with decomposition 
of error quaternions between two segments. The algorithm 
was evaluated with experiments in standing-up and sitting-
down of a healthy subject. Experimental protocol involved 

several repetitions of sit-to-stand and stand-to-sit motion 
during three-minute-long measurements. Typical joint 
angle trajectories (knee and hip angles and trunk 
inclination) derived from Optotrak- or IMU-based data, 
respectively, are presented in Figure 7. 
Statistical comparison of joint angles (knee and hip joint 
angle and trunk inclination angle) is presented in Figure 8 
with boxplots of absolute error between angles obtained 
from the Optotrak system and those from the wearable 
system. Results show that the median value of absolute 
error of the wearable system is below 2 ˚ and is as such 
appropriate for measuring kinematics parameters. 

 

Figure 8 Boxplot of absolute error between joint angles 
calculated from IMU data and angles calculated from 

Optotrak data. 

6.3 BALANCE DESCRIPTORS 

For the stair climbing manoeuvre, the trajectories of the 
ZMP point, measured by the reference force sensors 
implemented in ground and stairs, were compared to the 
ZMP trajectory estimated from position-derived data. Seven 
healthy subjects performed multiple barefoot walks up the 
stairs. Results showed a combined RMSE error of 54 mm, 
thus proving the concept of ZMP assessment by a 
kinematics-based approach for a human subject in motion 
[17]. 
An algorithm that combines data provided from position 
sensors with data, collected by wearable sensors, was used 
to yield sample-based balance descriptor estimates with 
respect to a desired coordinate frame origin. Estimates of 
COM and ZMP trajectories from combined sensory data for 
a 4-step walking manoeuvre are shown in Figure 9. 

 

Figure 9 ZMP and COM trajectory with respect to the feet 
support for a 4-step walking manoeuvre with quiet standing 

at the beginning and the end of walk. 

Preliminary results indicate that balance descriptors 
estimated from a combination of sensors are equally 
descriptive as those derived solely from position data. In 
addition, by combining subject kinematics with data from 
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the insoles, we are able to track the instantaneous base of 
support. As a result, the ZMP stability margin (minimal 
distance from the edge of the support polygon) can be 
assessed on-line. 
Figure 10 shows one slow walk with 4 steps, starting and 
ending while the subject is in quiet standing. Stability is 
quantified as the distance from the closest point in which 
the resultant moment on the body, acting in the plane of the 
ground support, can be balanced by a resultant force 
applied to the ground by the subject. Depending on whether 
this point lies within the base of support or outside of it, the 
point is termed ZMP or Fictitious ZMP, respectively. The 
distance from the closest edge of the support polygon is 
positive when the resultant force should be applied outside 
and negative when inside the instantaneous base of support. 
 

 

Figure 10 Assesed stability in terms of minimal distance of 
the ZMP from the edge of the support polygon. Negative 

values denote situations where the ZMP lies within the base 
of support while positive values convey the distance of the 
FZMP (a point ouside of the support polygon) to the edge 

of the base of support. The bottom lines show contact times 
of the left and right foot, respectively. Grey patches over 

the entire figure mark double support instances, while white 
space marks single stance of a foot. 

Preliminary investigation suggests that most of the 
unbalanced moment (tipping about the edge of support) is 
present at times of beginning and end of single support - 
that is right after toe off and right before heel strike of the 
swing leg. This conforms to the idea that humans take 
advantage of physical dynamics of the body during steady-
state gait with regard to swing foot placement [18] and 
react to unbalanced moment by moving parts of the body 
that are not in contact with the environment and thus 
maximize stability [19]. 
 

7  CONCLUSIONS 

This paper presents the sensory system for robotic ortho-
prosthesis which is based on wearable sensors incorporating 
the inertial measurements units and sensorized insoles worn 
by the subject. Data from the wearable system is fused by 
sensory fusion algorithms to assess the human body motion 
kinematics, identify motion manoeuvre and its phases, and 
track stability descriptors. 

The algorithm for motion kinematics assessment is based 
on Extended Kalman filtering and fuses the integral of 
angular velocity with the estimate of linear acceleration, 
based on kinematic model of the human body. 
Experimental validation of the algorithm was accomplished 
on healthy subject performing sit-to-stand manoeuvre. 
Comparison of joint angles, assessed by wearable system, 
with those obtained from reference position measurements 
results in absolute error median smaller than 2 ˚. The results 
confirm the suitability of wearable system for joint angles 
assessment in dynamic situations. Additionally, 
performance of detection of manoeuvres and gait phases 
was tested online, exploiting both measured and estimated 
data. Two different algorithms were developed and 
evaluated. A decision tree with threshold based rules 
generally performs more robust detection, while the fuzzy 
clustering method is more convenient when the acquisition 
of training data sets is possible. Furthermore, fuzzy clusters 
can be tailored to each subject. Making use of a statistical 
anthropometric model, segmental centres of mass and the 
estimated ZMP position, the support polygon was assessed 
and the ZMP stability margin quantified for ground level 
walking. Results suggest that most of the unbalanced 
moment (tipping over the edge of support) is present at 
instants of beginning and end of single support phase. This 
suggests that humans take advantage of physical dynamics 
of the body during steady-state gait, thus exhibiting 
globally stable gait. 
In future developments, the presented contributions will be 
combined to form a unique sensory system for motion 
parameters tracking based on wearable sensory data only. 
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ABSTRACT 
 

The number of blood samples drawn in modern health care systems is increasing rapidly 
and they are now bottlenecks and causing personnel strain at many hospitals. 
One solution to this problem is automated phlebotomy using robots. In this paper, we 
present a new method for selection of a needle insertion point, which can be used as part of 
automatic phlebotomy using robots. The algorithm is derived from a study of clinical 
needle insertion on real patients, by professional phlebotomists, and is verified against 139 
clinical needle insertions. The method relies on NIR optical images of the forearm, and is 
thus faster, easier and more hygienic than previously proposed methods using mechanical 
or sonographic imaging. 

Keywords: Blood sampling, Needle insertion, Image processing 

 
 

1  INTRODUCTION 

Venepuncture is one of the most routinely performed 
procedures at all in modern medicine. Venepuncture gives 
intravenous access for the purpose of intravenous therapy 
or obtaining a venous blood sample for blood analysis. The 
number of veneous blood samples produced in the health 
care systems today is enormous and for some countries the 
production of blood samples is becoming a bottleneck in 
the system. For instance in Denmark, the number of venous 
blood drawn is estimated to be 16 million samples in 2010. 
For 5.7 million citizens, that is over 2 samples in average 
for each citizen per year. The number of blood samples has 
been growing a steady 6-7% per year since 1987. This 
growth has largely been balanced by an increased 
productivity, due to automation of the blood sample 
processing. However, an automation of the venepuncture 
itself has not been developed and due to the high demand 
this has become relevant in the recent years. 
Various methods to detect blood vessels have been studied 
for many years. Most predominant in the area 
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of retinal image processing where the contribution from [3] 
has been the foundation for many other papers [1, 9, 4, 12]. 
From being used for vessels detection in retinal images 
some of the methods got transferred to detection of vessels 
like patterns in other areas such as hand vain pattern 
extraction [14]. In [11] vessel pattern of fingers are 
extracted for the use of personal identification. 
Lately products have been introduced to aid the 
phlebotomist to find the blood vessels during the 
venepuncture procedure. One of these products — 
VeinViewer — is presented in [13, 5]. Also methods 
towards automatic venepuncture has been presented in [15] 
and lately in [2]. 
In this paper we present a new method for detection a 
needle insertion point for venepuncture in the human 
forearm. 

2  METHODS 

This section describes the equipment used for NIR image 
collection. The hardware used to collect data for this paper 
is shown in Figure 1. It consist of a NIR camera, marked 
’A’   in Figure 1,   constructed   using   the   description 
given in [7].   The camera used in this setup is a Stingray F-
033B with PXC815B(KP) lens. 
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Figure 1 Picture of the camera system. On the left is a sketch of the setup and on the right is the final implementation  
of the setup. A marks the camera and illumination mount, B marks is a reconfigurable mount that can be adjust  

by the user, C marks the touch screen witch is the user interface and D marks the processing unit. 
 
 
 
In front of that is mounted a long-pass filter LP830-40. 
Finally the polarizing filter, PI035, is mounted in front of 
the long-pass filter. The illumination source is constructed 
using 8 high power led of the type ACL01-SC-IIII-005-
C01-L from Aculed. They are mounted in a circular pattern 
around the camera lens to approximate a uniform 
illumination of the arm. Figure 2(A) shows the Quantum 
Efficiency-Wavelength of the filter and (B) shows the 
spectral distribution of the leds. The camera device is 
mounted on a cart with a reconfigurable arm, marked ’B’ in 
Figure 1. The cart together with the arm has 5 degree of 
freedom that can be used by the phlebotomist to adjust the 
camera device to point at the arm of the patient. The user 
interface, marked ’C’, and the data collecting and 
processing unit, marked ’D’, is mounted on the cart. Figure 
3 shows how the hardware is placed in respect to the 
patient and the phlebotomist. The next subsection describes 
the type of data collected and how it is collected at the 
hospital. 
 
 

 
 
 
 

 
 
Figure 2 Quantum Efficiency-Wavelength of the LP830-40 

filter - Source: http://www.midopt.com/lp830.html (left, 
A); spectral distribution of the leds used - Source: 

http://www.excelitas.com/downloads/dts_aculedvhl_ir.pdf. 
(right, B) 
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Figure 3 Picture of the camera system being used  
by a phlebotomist. 

 

2.1  DATA COLLECTION 

The data used in this paper is collected at Lillebaelt 
Hospital in Vejle, Denmark. It is collected over a period of 
approximately 9 months, using the hardware described 
above. The hardware is used by the phlebotomist during the 
venepuncture procedure. The data used in this paper consist 
of image pairs collected for each patient contact using the 
following procedure. The first image in an image pair is 
called “before” and is acquired before the phlebotomist 
inserts the needle in the patients arm. The second image in 
the image pair is acquired right after the needle is inserted 
in the patients arm and this image is called “after”. Figure 5 
shows an example of an image pair. Subimage 5(a) is the 
“before” picture of this image pair and subimage 5(b) is the 
“after” picture of this particular pair. Each image pair 
belongs to the same patient and is of the same arm of that 
patient. 
During the data collection period of 9 months a total of 167 
patient contacts were registered using the data collection 
hardware. 
Figure 4 shows four plots of the distribution of the 167 
patients’ height (4(a)), age (4(b)), weight (4(c)) and gender 
(4(d)). As seen in the plots in figure 4 the patient 
population has an age span between 20 to 80 years and 
include more women (62%) than men (38%). Apart form 
the age distribution the patient population sampled in this 
test is statistically comparable with the normal population 
at the above mentioned site [6]. 
From the 167 patient contacts 28 image pairs were removed 
from the data set due to data collection errors such as bad 
illumination settings, only one image in the image pair etc. 
The remaining 139 image pairs are used in the data 
processing steps described in the next subsection. 
 

2.2  DATA PROCESSING 

The goal of our study of the image pairs is to devise an 
algorithm that will enable a computer to estimate a good 
needle insertion point. We do not have an objective way to 
define an ’optimal’ insertion point for comparison, but we 
can extract the phlebotomists original needle insertion point 
(ONP) from the ”after” picture. We then define a good 
needle insertion point to be in the same vessel. The result of 
the data processing algorithm is an estimate of a needle 
insertion point (ENP). 
The input for the algorithm is the “before” picture together 
with the two pixel coordinates for the points marking each 
side of the arm by the cubital fossa anterior (elbow pit). 
This additional input is currently detected manually, but 
will be detected automatically in later versions. 
The output from the algorithm is an estimated needle 
insertion point (ENP), which is found using the following 
steps. 
The first step of the algorithm is to find the region of 
interest for this application. The region of interest is 
defined to be the area of the arm in between the two points 
marking the side of the arm by the cubital fossa anterior. 
More precisely the region of interest for general 
phlebotomy patients can be narrowed down to the area 
around the line connecting the two points. In this paper we 
choose to represent the region of interest by a circle with 
centre in the halfway mark between the two points. The 
radius of the circle is 30% of the distance between the two 
points. Figure 6 shows the input image to the left and the 
input image after the region of interest is calculated to the 
right. 
After the region of interest is calculated the matched 
filtering algorithm given in [8, 7], it is applied with  = 5; 
L = 9;  = 15. This gives 12 kernels in the kernel bank. To 
optimize runtime the kernel can be applied only to the 
calculated region of interest. The result of the matched 
filtering is then threshold so that the highest 10% of the 
matched filter output in the region of interest remains after 
the threshold. This can be done by calculating the 
cumulative histogram of the matched filter outputs of all 
the pixels in the region of interest and then use the bin 
value of the 90th percentile as the threshold value. The 
thresholding algorithm sets all matched filter outputs below 
the threshold to zero and values above the threshold 
remains the same. 
The last step before estimating a needle insertion point is to 
apply a modified ultimate erosion method on the remaining 
pixels after the threshold. The reason for applying this last 
step is to add more value to larger and thicker vessel like 
structures compared with smaller and thinner structures. 
Ultimate erosion is a process of peeling of the contour of an 
blob until only the barycenter of the blob is remaining. This 
method is well know morphologic method in image 
processing and is described in [10]. In this paper the 
concept ultimate erosion is used it to accumulate the 
response from the matched filtering process. The 
accumulation is performed within a 8-connected blob. 
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Figure 4 The four plots show the distribution at height (a), age (b), weight (c) and gender (d) of the 167 patients. 
 
 
Each time a layer of the contour would have been peeled 
off a blob, the filter results of the “removed” pixels are 
added to the “remaining” contour pixels. The added value 
to a given “remaining” contour pixels is the sum of all its 8-
connected neighbours that would have been removed. 
Figure 7 shows an illustration of how the modified ultimate 
erosion method works. The new value of the pixel(2,2), the 
red 6 in B, is calculated by summarizing the values of the 
8-connected pixels in the boundary with its initial value. 
That is Pixel(2,2) = 1+(1+1+1+1+1) = 6 and in the same 
way Pixel(3,2)=2+(1+1+1)=5.  
Finally for Pixel(3,3) = 4+(6+5+6+5+5+6+5+6) = 48 

The final step is to find the pixels with the highest value 
inside the region of interest. If there is more than one pixel 
with the highest value, the pixel closet to the centre of the 
region of interest is selected. This is a theoretical 
possibility; in practice no one of the 139 images had more 
than one pixel with the highest value. Figure 8(a) shows the 
final outcome of the data processing presented in this 
section. The red point marks the estimated needle insertion 
point and the green point marks the original needle 
insertion point. 
The next section contains the results of the described data 
processing applied to all 139 images. 
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Figure 5 Patient arm before (a) and after (b) the needle insertion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 The input picture (a) and the result of the region of interest selection (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Modified ultimate erosion algorithm where all boundary values are added toward the centre of a blob. A is the 
initial blob and B is the new value of the blob after accumulating the values of the outer most layer of the blob.  

Here marked with light blue colour. The new value of the pixel(2,2), the red 6, is calculated by summarizing the values of 
the 8-connected pixels in the boundary with its initial value. C is the resulting blob after accumulating all the layers  

into the centre of the blob. 
 

 
 

(a) Before (b) After 

(a) Input - original image with points marking each 
side of the arm by the cubital fossa anterior. 

(b) Region of interest marked by the green circle with 
centrum at the halfway point between the two input points. 
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Figure 8 The final result of the data processing (a). A close up of the region of interest is shown in (b)  
where green point marks the ONP and the red point marks ENP. 

 

3  RESULTS 

By applying the data processing algorithm to all 139 image 
pairs results for the entire set, using 30% of the distance 
between the two input points as radius for the region of 
interest, in a detection rate of 90% of ONPs in the 139 
images. Figure 9 shows an example of an image where the 
ONP is outside the calculated region of interest and hence 
the ONP is not detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 An example of an image, where ONP is outside  
of the calculated region of interest. 

 
 
 
 

 
 
 
The size of radius is a trade off between detection rate of 
ONP on one side and computation time, edge artefacts and 
noise in data on the other side. It is clear that by increasing 
the size of radius for the image in Figure 9 the ONP would 
have been detected, but if the radius increased to much the 
lower edge of the patients clothing would become a part of 
the region of interest and could be a potential source of 
noise. 
Modelling the region of interest with a circle is a very 
simple solution. It is clear that other ways of modelling the 
region of interest would ensure more of the ONPs to be 
detected. Such an alternative model could be an ellipse. In 
87 of the 139 images or the ENP and ONP are in the same 
vessel. In percentage this equals 62,5% and Figure 8(a) is a 
clear example of this. But the remaining 27,5% of the 
images includes ENPs that are not in the same vessels as 
the ONPs but are in a vessel that could be a potential good 
vessel for phlebotomy. Figure 10 shows an example where 
ONP and ENP is in two different vessels, but it cannot be 
ruled out that the ENP is a suitable place to collect a blood 
sample. This is an interesting problem, which will be 
investigated in the future. 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 10 The image 10(a) shows which vessel is used for ONP in this particular case and image 10(b) shows the result of 
proposed algorithm. Image 10(c) shows a close up of the result and here it can be seen that the proposed algorithm elects 

another vessel for ENP (red mark) than the vessel used for ONP.
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4  CONCLUSIONS 

A new method for estimating needle insertion points for 
phlebotomy has been presented. The method shows that it 
is possible to detect 90% of the original needle insertion 
points using the proposed method. Furthermore the 
estimated needle insertion points lies within the same vessel 
structure in 62,5% of the cases. The results are based on 
data collected at Lillebaelt Hospital in Vejle, Denmark. 
Further development and test of the method is already 
scheduled and one of the more interesting questions to test 
is whether the estimated needle insertion points can be used 
for phlebotomy in the clinic. 
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Figure 1  Simple chart. 
 

Table VII - Experimental values 
Robot Arm Velocity (rad/s) Motor Torque (Nm) 

0.123 10.123 
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2.789 30.345 
3.012 40.456 
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