This is a preprint of a paper that appeared in the Proceedings of International Conference on Systems,
Man, and Cybernetics (SMC), 2012, Seoul

Design and Control of a Robot for the Assessment
of Psychological Factors in Prosthetic Development
P. Beckerle1,4 , O. Christ2 , J. Wojtusch3 , J. Schuy1 , K. Wolff2 , S. Rinderknecht1 , J. Vogt2 , O. von Stryk3,4
Dept. of Mechanical Engineering, 2 Dept. of Human Science, 3 Dept. of Computer Science, 4 Member, IEEE
1
Inst. for Mechatronic Systems, 2 Work and Engineering Psychology, 3 Simulation, Systems Optimization, and Robotics
Technische Universität Darmstadt — Darmstadt, Germany
1

lastname@ (1 ims.tu-darmstadt.de |

2

psychologie.tu-darmstadt.de |

Abstract—This paper introduces a robotic concept for the
assessment of psychological factors in prosthetic design. Its aim
is to imitate the postural movements of the participants while
those are conducting squatting movements in order to investigate
the integration of artiﬁcial limbs to the subject’s body scheme.
Therefore, the robot mimics the functionality and appearance
of the human foot, shank and thigh as well as the ankle and
knee joint. To induce a more realistic outer appearance, the hull
of a shop-window mannequin is used as cladding. The robot is
controlled by a computed torque control combined with a RGBD sensor for the acquisition of the desired trajectories from the
participant. In the test setup one leg of the participant is hidden
from his view while the robot stands next to him and imitates
the movements of this leg. This paper gives an insight in the
theory of body schema integration. The concept of the robot is
described and detailed information about the mechanical design
and actuator dimensioning in accordance with psychological and
biomechanical requirements are given. Furthermore, the concept
of the human-machine interface, the control algorithm and
simulations based on experimental data from a human subject
are presented.
Index Terms—Psychological Factors, Body Scheme, Development Methodology, Prosthetics, Robotics.

I. INTRODUCTION
Well-being, quality of life and autonomy of people with
amputation are directly inﬂuenced by the amputation [1].
At the same time such individuals face challenges in their
family and social environment [2]. According to [1], the main
changing processes after the amputation are changes in the
body image as well as the body scheme of the amputee. In
contrast to the body image, which comprises the psychological experience, the body scheme describes the representation
of the characteristics of the own body in a subconscious,
neurophysiological and multisensory way [3], [4]. In [1] the
occurence of these changes of the amputees’ identities are
categorized in three phases. The ﬁrst contact with the own
amputation and the experience to be a disabled person in the
future represents the ﬁrst phase, which is followed by the actual
change of identity, body image and body scheme in the second.
Subsequently in the third phase, a new identity is formed
caused by the ampuation. Throughout these phases several
negative emotions might arise and thus social support as well
as individual factors i.e., how the amputation is experienced,
are supporting a positive rehabilitation process of amputees,
an integration of the prosthesis to their body scheme and a
positive self appearance through the new body image [1], [3],
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[5], [6]. As shown in [3], [5], the time after the amputation
represents another important factor for the integration of the
prosthesis to the amputee’s body scheme. Due to [1], [3], [5]
functional limitations seem to have major inﬂuence on the
well-being and quality of life of the prostheses’ users. Hence,
a functional adaptation to the prosthesis is successful, if both,
the artiﬁcial and the intact extremity, are equally integrated
and represented in the body scheme and body image [3].
Additionally, feelings of unrealistic body parts are related to
deﬁcits in human information processing and can occur as a
part of phantom sensations after amputation [7]. As shown
in [3], [6], amputees require up to four years for the reregulation of such sensations. These symptoms are discussed
in [4] and suggest disturbances in the experience of the body
scheme and image. Further, there exists a direct link to the
sense of having control over the own body. As shown in [8],
the body image can experimentally be manipulated in healthy
volunteers. Here, the feeling of the ownership of an artiﬁcial
limb and a measurable proprioceptive re-calibration towards
this was induced by synchronously brushing the hidden real
hand and a visible rubber hand leading to the term Rubber
Hand Illusion (RHI). This illusion seems to be caused by a
multisensory integration of visual, tactile and proprioceptive
information.
A ﬁrst systematic overview regarding the evoked Rubber
Hand Illusion during movement and its maintaining factors
is given in [9] and showed that movements induce a more
global and stable illusion. In this paper the authors present a
robotic concept for the transfer of the RHI to the lower limb
and the experimental validation of the ﬁndings summarized in
the introduction in analogy to the RHI experiment in [10].
With this approach the investigation and assessment of a
Rubber Leg Illusion (RLI) and its utilization for user-centered
prosthetic design become achievable. Section II introduces the
test design and the robotic device based on the theory of
body scheme integration. Subsequently, detailed information
about the mechanical design in accordance to psychological
and biomechanical requirements are given in Section III.
In Section IV, the concept of the planned human-machine
interface (HMI) and information on the control algorithm are
presented as well as ﬁrst simulation results for evaluation based
on experimental data. Finally, a conclusion and an outlook on
the authors’ future works are given in Section V.

II. CONCEPT
In order to investigate the effect of a Rubber Leg Illusion
itself, its maintaining factors and its occurrence during movement, a number of tests are designed. Beyond the transfer of
the initial experiment on the Rubber Hand Illusion from [8]
to the lower limb [11], the robotic device presented in this
paper aims to examine the RLI during postural movements.
The inﬂuence of movements on the illusion is an important
point for its establishment in the everyday live of amputees.
Since the results of [12] indicated a lack of satisfaction
in postural motor functioning irrespective of the prosthesis
technology, the investigation of such movements seems to be
a relevant issue for the deduction of user-centered parameters for prosthetic design. Further, appearance was assessed
as a descriptor for subjective body scheme integration and
signiﬁcantly (p<0.001) correlated with the satisfaction with
postural movements (r=0.58). Due to this and the conclusion
from [12] that appearance seems to be an important factor for
body scheme integration that is associated to the conditions
that deal with movements, postural movements are considered
in the proposed test design.
A. Fundamental Test Design
For the experimental validation of these ﬁndings regarding
postural movements, a robotic approach to simulate the sagittal
plane of the human leg in postural movements is designed.
During the test, the participant stands close to the robot and
performs a squatting task while the robot acquires and imitates
the subject’s movements. At the same time, the imitated leg
of the praticipant is hidden to enable the occurrence of a RLI
with the robot.
In a ﬁrst group of subjects, the inﬂuence of sychronuous and
asynchronuous feedback of the robot on the RLI is planned to
be examined as the independent variable. Based on testing this,
a possible increase of the illusion by synchronicity could be
acquired comparable to approach presented in [13] for the RHI.
Besides, it is tested as a control condition whether the illusion
can be induced without any movements by the participant, if
the subject only observes the movements of the robot. Within
a second group, the distance to the robot is proposed as the
investigated independent variable. Since the location showed
to be a signiﬁcant predictor of proprioceptive displacement
in [14], the distance to the robot should represent an important
factor to the quality of the illusion. Hence, the proprioceptive
drift regarding the robot is analyzed as the dependent variable
as well as the evaluation of the questionnaire from [14] in
both groups. As in [15] lower temperature of the patient’s hand
showed to increase the strength of the RHI, this also might be
taken into account for the assessment of the RLI as a control
variable. Further, electrodermal activity seems to be an optional
control variable to be considered in the evaluation of the RLI
as shown for the RHI in [16], [17]. In all tests, the ambient
temperature and the ambient sounds are recorded as control
variables. Addtionally, the expectations of the participants are
evaluated and a control questionnaire is analyzed.
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Block diagram of the robot’s functional units

B. Robotic Concept
Figure 1 depicts a block diagram of the functional units of
the robot. The mechanical design imitates foot, shank and thigh
as well as the knee and ankle joint considering the appearance
and functionality of these biomechanical units. During the
experiments, it is placed close to the participant to support
the occurrence of a RLI. Simultaneously, a motion capturing
system acquires the desired trajectories from the participant’s
leg contactlessly. This system is connected to a real time
control platform, which runs the control algorithm that operates
the actuators based on the sensor data feedback acquired by
measuring the movements of the robot.
III. DESIGN
Beyond, the simple robotic approach a number of psychological and biomechanical requirements have to be considered
during its design in order to avoid disturbances of the Rubber
Leg Illusion. Hence, a detailed description of those requirements to the robot in general as well as particular functional
units are given and the design of the robot is elaborated.
A. Psychological and Biomechanical Requirements
The main requirements to the robot are to imitate the
movements of the praticipant and to evoke a RLI. Hence,
disturbances to the illusion have to be avoided and supporting
factors have to be implemented in the design. As proximity
supports the effect of the illusion [18], the robot has to be
placed closely to the participants during the test. A distance
of 0.1 − 0.2 m seems to be appropriate due to the result
from [18] that the RHI was decaying signiﬁcantly after a
distance of 0.3 m. Further, the outer appearance of the robot
is required to be as similar to the natural role model especially in shape and laterality - as possible, since this
additionally supports the occurrence of the illusion [19]. Thus,
all disturbances to the natural chraracteristics of the human
body such as visible mechanical parts - e.g., guide rails - or
sounds - e.g., from actuators and gears - have to be avoided.
In order to customize the outer appearance of the robot to
the body geometry of the particular participant, the thigh and
shank segment have to be adjustable in length. This adjustment
demands a range of 0.339 − 0.457 m for the shank segment
and 0.294 − 0.410 m for the thigh segment, since these are

the ranges in the body dimensions of the 5th percentile female
(minimum peer group) and the 95th percentile male people
(maximum peer group) [20]. Here, the length of the shank is
supposed to be the distance between the ankle and the knee
joint, while the length of the thigh is considered to be the
distance between the height of the basis sedens and the height
of the knee joint. Another requirement to the ﬁnal systems is
a transportable solution, since it might be necessary to visit
participants for the conduction of the experiments.
Considering the mechanics of the robot, the cladding is
required to deliver an intact and natural image of the human
leg. The supporting structural elements inside this hull should
be designed in leigthweight construction to minimize actuation
effort and hence acoutstic disturbances. For the design of
joints, the solution for the knee is required to provide angles
up to 180◦ as derived in [21]. Although only angles of up to
about 40◦ were measured during squats in [22], the ankle joint
is required to provide up to 90◦ to compensate the negelected
kinematic inﬂuence of the toe joints in the proposed design.
Although the biomechanical functionality of the knee joint
does not correspond to a simple one-axis joint, this should not
affect its visual appearance and hence the RLI negatively. Due
to this and the limitation to the sagittal plane, the simpliﬁcation
to implement all joints with a single axis should be valid.
Furthermore, the dimensions of the shop-window mannequin
limit the installation spaces to about 0.085 m for the knee joint
and 0.050 m for the ankle joint.
According to the requirements, a minimalistic dimensioning
of the actuators is required to minimize acoustic disturbances.
Further, actuators with lower power have the advantage to
be smaller and hence less conspicuous. For dimensioning of
the power of the actuators, the time required to perform a
squat is essential. In case of the squat-to-reach task from the
standing position this time was determined to be 2.49 ± 0.55 s
in younger adults [23]. In [21] the time of fast squat is
considered to last 2 s distributed equally between descent and
ascent. Regarding the sensors, the main focus lies on the
motion capturing system, which is required to work contactless
in order to not disturb the illusion. Additionally, the sensors
measuring the joint angles of the robot have to be selected to
be inconspicious as possible. According to the ﬁndings in [24],
the delay between the movements of the participant and the
robot has to be less than 0.1 s. Additonally, this requirement is
supported by the results of [25] showing that a stronger RHI
effect occurs for delays below 0.3 s. Thus, the computation
time that is necessary from acquiring the sensor data to sending
control signals to the drives is limited to this value. As the
fundamental mechanical system behind this robot is a double
inverse pendulum in Up-Up position [26] and hence a instable
system, a controller is required to stabilize it.
B. Mechanical Design
The hull of a shop-window mannequin is used as a cladding
for the mechanical parts of the robot, since it represents an
appropriate solution to provide a natural image. In order to
allow the squatting movements, the thigh, shank and foot

Figure 2.

Mechanical design of the robot

segments of the cladding are detached at the knee and the ankle
joint. Additionally, material in the movement space is removed
for that purpose. Figure 2 depicts the mechanical design
of the overall system without the shop-window mannequin
cladding and detailed exploded viwes of the joints. According
to the requirements and the limited installation space in the
cladding, a compact and leigthweight construction consisting
of aluminium proﬁles is chosen for the structural elements. As
a simple solution to adjust the lengths of the links of the robot,
two proﬁles, that are relocatable to each other via a sliding
carriage, are used. Due to the position of the knee actuator,
the shank segment provides a range of 0.340 − 0.480 m for
the adjustment. Hence, it might not be possible to adjust this
value to the very smallest participants. Regarding the thigh
segment, the length adjustment provides 0.252 − 0.461 m and
should suit all participants. Thus, the majority of the possible
test population is covered, since the 5th percentile female and
the 95th percentile male people represent an appropriate group.
Knee and ankle joint are implemented as simple one-axis
joints providing the required angular ranges. The detailed
exploded view presented in ﬁgure 2 shows the one-axis setup
of the knee joint. As shown in this ﬁgure, the actuator is
directly attached to the upper shank proﬁle and connected to
the knee shaft by a gearbox. In order to keep the available
installation space of 0.085 m, the dimensions of this gearbox
is limited to 0.4 m considering a proﬁle width of 0.2 m and
reserve space. This design leads to a compact solution and
minimizes the inertia of the thigh segment. Due to this, the
knee actuator can be dimensioned smaller and the intertia of
the overall system is reduced leading to lower requirements to
the actuator of the ankle joint.
For an additional reduction of the intertia of the whole
system, the actuator driving the ankle joint is installed in the
ground structure below the participant as shown in ﬁgure 2.
This also allows to shield the participants against optical and
acoustic inﬂuences of this actuator. Beyond this, placing this
actuator below the foot is beneﬁcial, since the shop-window
mannequin provides very limited installation space in this area.

For the transmission of the torque from the actuator to the
shaft in the ankle joint, a toothed belt drive is used, since this
should be more quiet than a chain drive and more compact
than a solution consisting of gear wheels.

Torque in Nm

10

C. Dimensioning of Actuators and Transmissions

In the dynamic equations q = [ψ ϕ]T represents the vector
of angular positions and τ = [τa τk ]T the torque vector.
The reduced inertia Ia regarding the ankle joint is considered
according to [27]. These equations are evaluated in a numerical
dynamics simulation with the parameters given in Table II.
As mentioned above, 2 s are assumed to be the duration of a
fast squat. Hence, for ensuring a reliable operation in extreme
situations, a duration of 1.5 s per squat is considered for the
dimensioning of the drives. Sinusoidal trajectories, that are
comparable to the biomechanical ones, are used as desired
trajectories in this evaluation: 30◦ − 180◦ for the knee joint
and 30◦ −90◦ for the ankle joint. This leads to the requirements
of an angular velocity of ϕ̇ = 3.49 rad
at the knee joint
s
and ψ̇ = 1.40 rad
at
the
ankle
joint.
The
results of the
s
simulation are presented in Figure 3. With this, a maximum
required torque of τk,req = 1.32 Nm is determined for the knee
actuator. The actuator of the ankle joint is required to provide
a maximum torque of τa,req = 9.49 Nm. The lower plot in
Figure 3 depicts the power requirements in this simulation,
showing a demand of Pk,req = 4.16 W for the knee actuator
and Pa,req = 13.78 W for the ankle actuator. Based on these
values, a Bühler DC gear motor 1.61.077.415 is selected for
the knee actuator, while a Bühler DC motor 1.13.063.407 is
chosen to drive the ankle joint. With its internal gear ratio
of 1 : 135 and a power of 4.34 W, the knee actuator is able to
provide the required angular velocity in combination with the
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In this, M (q) = [m11 m12 ; m21 m22 ] contains the elements
given in table I and C(q̇, q) and G(q) are speciﬁed as
?
?
2mt ls lt? sin(ϕ)ψ̇ ϕ̇ − mt ls lt? sin(ϕ)ϕ̇2
,
C(q̇, q) =
−mt ls lt? sin(ϕ)ψ̇ 2
?
?
g ((ms ls? + mt ls ) cos(ψ) − mt lt? cos(ψ − ϕ))
.
G(q) =
mt glt? cos(ψ − ϕ)

0
−5
10

To achieve a transportable solution for the overall system,
electric drives are determined as the best solution, since those
actuators can be operated with the electrical net in almost every
room. With Lagrange equations of the second kind [27], the
dynamic equations of the system can be determined as
τ = M (q)q̈ + C(q̇, q) + G(q).
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Figure 3. Simulation - Top: output torque, Bottom: motor power (solid black
lines: ankle joint, solid grey lines: knee joint)

required torque in nearly all cases. Yet, the motor has to be
operated with a higher voltage of below 18.00 V to reach the
required angular velocities in every situation, as its rotational
speed scales linearly with voltage due to the manufacturer. This
is appropriate, since such high values only appear temporary
in the zero-crossings and electric drives show good overload
capability. A possible reduction of the lifetime of the motor
is assessed to be unncritical, since the scenario described
above marks the maximum requirement in the rarely emerging
case that a participant exhausts the limits of the system.
Anyhow, the motors inertia is kept low by this selection,
leading to a more compact design and decreased requirements
to the ankle actuator. As the ankle actuator delivers a torque
of τa,max = 0.4 Nm at an angular velocity ψ̇max = 356.05 rad
s
in its nominal range, a gear ratio of 1 : 50 is determined
to provide an output torque of up to τa,max = 20.00 Nm at
a sufﬁcient angular velocity. As both actuators are equipped
with optical two-channel encoders, those are used as a compact
sensor solution for the measurement of the joint angles.
Table II
PARAMETERS OF MECHANICAL SETUP AND CONTROL
Parameter

Content

m11
m12
m21
m22

ms ls2? + mt ls2 − 2mt ls lt? cos(ϕ) + mt lt2? + Ia + It,r
?
?
− mt ls lt? cos(ϕ) + mt lt2? + It,r
mt ls lt? cos(ϕ) − mt lt2? − It,r
mt lt2? + It,r + It,m

kp,a
kv,a
kp,k
kv,k

mechanics

Elem.

Ia
It,r
It,m
ms
mt
ls
lt
ls?
lt?
g

control

Table I
E LEMENTS OF THE MASS MATRIX

Value

Unit

Description

0.291
0.030
0.029
1.788
0.288
0.600
0.600
0.500
0.300
9.81

kgm2
kgm2
kgm2
kg
kg
m
m
m
m

reduced ankle inertia
thigh proﬁle inertia
knee actuator inertia
shank mass
thigh mass
shank length
thigh length
dist. COM(shank)-ankle
dist. COM(thigh)-knee
gravity

800
30
400
17

Nm
Nm
Nm
Nm

m
s2

rad−1
s rad−1
rad−1
s rad−1

proportional gain, ankle
derivative gain, ankle
proportional gain, knee
derivative gain, knee
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Desired Trajectory Acquisition Concept

IV. HUMAN-MACHINE INTERFACE AND CONTROL
A contactless acquisition of the desired trajectories for the
control algorithm is required to avoid disturbances of the Rubber Leg Illusion. Thus, a concept for a possible implementation
for such a motion tracking system based on a RGB-D sensor is
described subsequently. Further, the computed torque control
based on these trajectories is described. In order to evaluate
the control algorithm under realistic circumstances without the
real robot and human-machine interface, simulations asuming
model deviations and using measured data from experiments
with human subjects instead of the trajectories to be acquired
from the motion tracking system are performed.
A. Concept for the Human-Machine Interface
As the motion tracking system provides the desired trajectories for the control, it represents the interface between the
participant and the robot in this scenario. In this concept the
RGB-D sensor is used to track the joint angles by utilizing
skeleton tracking of the lower limbs to determine the positions
of hip, knee and ankle of both legs. With this data the knee
angle can easily be determined with the positions of shank and
thigh. One possibility to realize such a setup is to integrate the
TM
Microsoft Kinect camera with the Robot Operating System
(ROS) via OpenNI and the NITE package for the determination
of the joint positions [28]. As it is not possible to track
the ankle angle with the OpenNI package and PrimeSense
NITE middleware [28], [29], additional information has to
be integrated. For that purpose, the estimation of the ground
surface with an AR-marker system might be an appropriate
solution allowing to calculate the angle between shank and
ground. To implement this motion tracking system running
under ROS on the real time platform controling the drives,
Orocos can be used in combination with a real time Linux
kernel such as the real time Preemption-Patch [30], [31].
B. Control Design
For the stabilization of the robot, a computed torque control
is used. It combines a feedforward and feedback control in
a nonlinear control law leading to a linearized closed-loop
system by compensating inertia and gravity effects [32]. This is
realized by an analytical inverse dynamics model of the system
based on its dynamic equations for the feedforward control
and an iteratively tuned PD feedback controller. With (1), the
control law can be determined as
?
?
τ = M (q) q̈d + kp q̃ + kv q̃˙ + C(q̇, q) + G(q)
(2)
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Figure 5.
Simulation with experimental desired trajectories and model
deviations - Top: angular position of ankle, Middle: angular position of knee,
Bottom: motor power (black: ankle joint, grey: knee joint, solid line: real
trajectories, circle: desired trajectories)

where the matrices M (q), C(q̇, q) and G(q) are according
to the ones given in (1). Further, the diagonal matrices kp =
diag(kp,a kp,k ) as well as kv = diag(kv,a kv,k ) contain the
control parameters given in Table II while the vector q̃ = qd −q
represents the control error of the system.
C. Simulation with Experimental Trajectories
Since the HMI of the robot is not implemented up to this
point, the feasibility of the control algorithm is evaluated based
on experimental data provided by the Locomotion Laboratory
at Technische Universität Darmstadt. With the trajectories
of the marker positions in this experimental measurements,
the trajectories of the angular position of ankle and knee
joint in a squating task are determined and used as desired
trajectories. During the experiment, the particpant is burdened
with an additional load of 60 kg and performs seven squatting
movements with a mean duration of approximatly 2.30 s per
squat. Beyond this, model deviations in the computed torque
control are considered to test the robustness of the algorithm.
Hence, all mass and inertia parameters of the system are set
to 75% of their real value for the control design.
The resulting desired trajectories are given by the black
circles in the top and the grey circles in middle plot of Figure 5.
As depicted in the upper two plots, the control is able to track
the desired trajectories even with deviating model parameters.
The bottom plot of Figure 5 shows the required motor power in
the experiment. These requirements are 8.98 W for the ankle
motor and 1.85 W for the knee motor. Due to the lower cycle
time, the load situation of the drives is decreasing and the
power of both actuators is sufﬁcient without overloading.
V. CONCLUSION
Based on the theoretic background of the Rubber Hand
Illusion, this paper proposes a robot to investigate a Rubber
Leg Illusion. Section II presents the concept of the robot,
which is imitating a human leg in a squatting task. With the
proposed test design, it is used to investigate the maintaining
factors of the RLI and its occurrence during movement aiming

on the deduction of user-centered parameters for prosthetic
design. The synchronicity of the stimulation and the distance
between human and robot are determined to be the independent variables. Additionally, proprioceptive drift, inﬂuence of
temperature and the electrodermal activity are identiﬁed to be
important factors and thus be considered. To avoid disturbances
of the RLI by the robot itself, such factors are identiﬁed and
considered in its design. Thus, the mechanical design and
the dimensioning of actuators and transmissions are based
on previously elaborated psychological and biomechanical
requirements. The optimization of the robot to those factors
is accompanied by some issues in its implementation, which
are also discussed in Section III. In Section IV a concept for
the human-machine interface based and the applied computed
torque control are described. To test the control algorithm and
the drive train under more realistic circumstances, a simulation
based on experimental data from a human subject and a
deviating model is performed. The results show that the system
is stabilized, the drives operate in their speciﬁcations mostly
and good trajectory tracking can be achieved.
In their future work the authors will ﬁnalize the design of
the psychological experiments. Among the technical issues,
the implementation of the HMI based on the RGB-D sensor
and the control algorithm will be adressed. This will include
interface issues as well as the practical realization of the
controller. Subsequently, the robot will be implemented in
hardware, the control system and drive train will be optimized
and the psychological experiments will be deducted. Beyond
this, the authors work on a novel prosthetic simulator to
enable the assessment of prostheses in pre-prototype status
and to improve and complement user-centered design based
on surveys and experiments with amputees [33].
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