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Abstract—Depending on their exact application, social robots
have been designed with different arm morphologies, ranging
from under-actuated designs to arms featuring 9 degrees of
freedom (DOF). It is however difficult to investigate if the chosen
arm morphology is indeed the best possible solution for the
intended application. Different design aspects, such as the number
of DOF, the exact collocation of the joints, the link lengths and the
joint angle range, all have a direct influence on the expressibility
of the robot. Therefore, it is difficult to isolate the influence of
one specific design parameter. To give insights in the effect of
different design aspects on the performance of specified motions
and help in making substantiated trade-off’s in the design process
of new robots, we developed a tool, based on the calculation
of gestures for different morphologies and their visualization on
one single virtual model. In this paper, we illustrate how this
methodology was followed to select an optimal morphology for
our new social robot Elvis. A preliminary gesture study indicated
three joint configurations that could be particularly interesting for
the intended application of our robot. Both the effect of individual
joint placement, as well as the influence of joint angle range
was investigated by performing a gesture study in simulation.
To validate the output of the methodology, the three studied
morphologies were physically realized and tested.

I. INTRODUCTION

As social robots are aimed to be operated by untrained users,
including children, elderly people, therapists and teachers,
interacting with this type of robots should be very intuitive
and natural. Since nothing is more intuitive than our own
communication skills, social robots should be able to use and
understand speech and non-verbal communication skills, such
as facial expressions and gestures. These requirements have a
direct impact on the design parameters. Together with the aim
of social robots to be used in our daily lives, implying they
need to be adapted to our environments and tools, this typically
results in robot designs that are more or less based on a model
of the human body. ASIMO [8], ARMAR-III [1], WABIAN-2
[12] and iCub [17] all feature 7 DOF arms, consisting of a 3
DOF shoulder, 1 DOF elbow and 3 DOF wrist. When designed
for a certain application, some robots may have a different
morphology to optimally fulfil the desired tasks. Pyrène of
the TALOS series, for example, is developed for applications
in industrial settings. To guarantee a maximum manipulability
in the front of the robot, the first shoulder joint is oriented
along the yaw axis, instead of the pitch axis like the previously

TABLE I: List of the joint configurations of a set of robots,
placed in T-pose with the hand palm facing out. The different
joints are grouped into a the clavicle, shoulder, elbow and wrist
module.

Robot Clav Shldr Elbow Wrist

named robots [16]. The robot WE-4RII [10], on the other hand,
was developed to study human-like emotion. Next to a 3 DOF
shoulder part, 1 DOF elbow part and 3 DOF wrist part, the
robot was designed with an additional a 2 DOF base shoulder
part, simulating the human scapula joint. These additional DOF
allow the robot to shrug or square the shoulders, and as such,
to create more human-like emotional expressions. Robovie [9]
features arms with only 4 DOF, consisting of a 3 DOF shoulder
part and a 1 DOF elbow. Other robots with less articulated arms
are KHR-3 [13] and NAO [5]. Both robots feature a 3 DOF
shoulder consisting of a yaw, pitch and roll joint and 1 DOF
elbow. But while NAO’s wrist only consists a roll-joint, KHR-
3’s wrist consists of a yaw and pitch joint. ARMAR-IV, on
the other hand, has 8 DOF arms. To achieve more dexterity in
bimanual manipulation, the typical 7 DOF arm was extended
with the sternoclavicular joint [2]. Table I visualises the joint
configuration of the robots discussed above, when placed in
T-pose, the hand palm facing out.

It is difficult to investigate if the chosen arm morphology
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Fig. 1: The social robot Elvis. (a) Non-covered prototype. (b)
Covered prototype.

is indeed the best possible solution for the robots discussed
above. Existing robots differ from each other in a large range
of aspects; they have, for example, different joint angle limits,
different relative link lengths, a different collocation of joints,
and thus, a different overall outer appearance. Because of
the wide range of differences, it is difficult to isolate the
influence of one specific design parameter. To give insights
in the effect of different design aspects on the performance of
specified motions and to help in making substantiated trade-
off’s in the design process of new robots, we proposed a
design methodology based on the calculation of gestures for
different morphologies and their visualization on one single
virtual model [18].

In this paper, we present how this methodology was followed
to select an optimal morphology for our new developed robot,
Elvis (Fig 1). The robot is developed within the frame of
the Probo-project, which aims to study cognitive human-robot
interaction and the possibilities of robot assisted therapy for
children. Given this well-defined, specific application of the
robot, it is possible to select a set of essential gestures and
optimize the design of the robot towards the performance of
these gestures. A more articulated robot will, of course, have
a broader functionality and better performance, but will also
introduce more complexity, and therefore, a higher cost. The
aim here was to develop a well performing robot, while keeping
it as least complex as possible.

Section II briefly discusses the working principles of our
proposed design methodology. Section III describes how the
design methodology was used to obtain an optimal morphology
for our Elvis robot. Firstly, in subsection III-A, we describe
how from an extensive gesture study incorporating 7 different
joint configurations, three specific configurations were selected
and studied in more detail. In a next step, the influence of the
joint angle range was studied, resulting in knowledge about the
optimal placement of the neutral position of the actuation unit
(subsection III-B). Finally, in section IV, the conclusions drawn
from the gesture study are validated by performing a wide
variety of gestures on a physical model of the three discussed
joint configurations.

II. DESIGN METHODOLOGY

The proposed design methodology is based on the use of
our developed gesture software, which, thanks to its generic
framework, allows the calculation of gestures for different
morphologies. The working principles of the gesture method
are thoroughly discussed in previous publications [21][19][20].
The software was constructed using a human base model,
representing the rotational possibilities of a human. Since
most humanoid robots are based on the human body, but in
general less actuated, the human base model comprises the
majority of available social robots, and thus, the software can
be used for this wide set of robots. The user only needs
to specify a minimal amount of morphological data, namely
the configuration’s Denavit-Hartenberg (DH) parameters, as
well as the joint angle- and speed limits. At runtime, the
method uses this data to evaluate the generic framework. After
selecting the desired gestures using the practical GUI, the
necessary joint trajectories are automatically generated for that
specific morphology. To calculate different types of gestures,
our method was designed to work in two modes. The block
mode, presented in [21], is used to calculate gestures whereby
the overall pose of the arms is important. To calculate a gesture
for a certain configuration, the block mode uses a set of
target gestures listed in a database, and maps them to that
specific configuration. The database contains multiple gestures,
including a number of emotional expressions originating from
the UCLIC Affective Body Posture and Motion Database [11].
Additional gestures, e.g. resulting from motion capture data,
can easily be added to the database. The end-effector mode,
on the other hand, was developed to generate gestures whereby
the exact placement of the end-effector is crucial [19], such
as for pointing and grasping. In addition, blended gestures
can be calculated by mixing the two implemented modes, and
neutral behaviors can be modulated into affective gestures by
modulating the amplitude and the motion speed [20].

As such, gestures can be generated for different morpholo-
gies with a minimal effort of the programmer, which makes
the method interesting as a tool to study the influence of
different design aspects of social robots on a set of predefined
behaviors. To obtain a simplistic design for our robot, while
still being able to well perform a set of predefined gestures,
we studied the effect of individual joints on these gestures.
Different collocations of joints were tested, as well as the
influence of different joint angle limits, to keep the actuation
unit as small as possible.

The followed methodology is schematically presented in Fig.
2. Firstly, the set of morphologies to be incorporated in the
study, needs to be defined. These morphologies can differ from
each other with respect to joint collocation, joint angle limits,
joint speed limits, relative link lengths, etc, and need to be
specified using the DH parameters. Secondly, a set of gestures
needs to be selected. The gesture software then automatically
calculates the necessary joint trajectories to realize the selected
gestures for all different morphologies. The gesture software’s
output is a series of data files, containing the calculated
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Fig. 2: Flowchart visualizing the process of the design method-
ology. The process starts by selecting a virtual model to visual-
ize the output, and a number of morphologies and gestures to
study. For every morphology, the gestures are automatically
calculated using the gesture software and visualized on the
virtual model, whereafter they can be compared to select an
optimal morphology regarding complexity and performance.

joint trajectories. To visualize the gestures, these trajectories
are loaded to a specified virtual model. By comparing the
performance of the gestures for the different morphologies,
conclusions about the importance of specific design aspects,
reflected by the differences in morphology, can be made and
trade-off’s regarding complexity and performance can be made.

III. OBTAINING AN OPTIMAL MORPHOLGY FOR ELVIS

In what follows, we present how this design methodology
was followed to obtain an optimal morphology for the Elvis
robot. Since the robot is aimed to interact with children on an
emotional level, the ability of expressing affective states is a
first important constraint. Therefore, a set of emotional expres-
sions was included in the gesture study. In addition, previous
RAT-experiments with Probo [15] and Nao [4] indicated an
additional number of interesting gestures, useful to stimulate
interaction in predefined therapeutic scenario’s, such as waving
and clapping the hands. The quality of the gesture method’s
output was evaluated in previous work [21][19][20]. In this
paper, the evaluation of the gestures, calculated for the different
morphologies, is done by visual inspection and comparison of
the postures with the target gestures. However, in case the user

desires a more quantitative evaluation, a similarity criteria or
other quantitative evaluation method could be used as last step
in the design methodology [6] [7].

A. Study of joint configurations

Different consecutive steps were made to obtain the final
morphology for the Elvis robot. In a first step, the influence
of the joint collocation was studied. In a preliminary study
[18], the seven configurations denoted by an asterisk in table
I, were investigated. For each of the seven configurations, the
Denavit-Hartenbergh parameters were calculated and used as
input for the gesture software. Subsequently, the necessary
joint trajectories for the selected gestures were calculated by
the gesture software, and loaded on the virtual model of
the original Probo robot using Autodesk’s 3DS Max. As the
second important constraint, next to the ability of generating
recognizable emotional expressions, was to keep the design
low-cost and low-complex, a trade-off between expressibility
and the number of actuated joints was made. This process
resulted in the selection of three joint configurations, denoted as
Elvis-Ca, Elvis-Cb and Elvis-Cc, that appeared to be interesting
to consider in more detail. A selection of the results from
the gesture study is shown in table II. Here, the first column
represents the end posture of the target gestures used by the
gesture method to calculate the mapped gestures, and which
serves as a reference to compare the resulting postures.

1) Elvis-Ca: Row (a) in Table II shows the joint config-
uration corresponding to Elvis-Ca. It consists of a 3 DOF
shoulder block, 1 DOF elbow and 1 DOF wrist, containing the
joint responsible for the pronation/supination of the forearm.
This specific collocation of joints equals that of the robot
NAO. The end postures of the emotional expressions for
anger, disgust, happiness and sadness are listed, as well as
a posture for the clapping-gesture. Observing the resulting
postures learned that this configuration has a good performance
of the calculated emotional expressions, for a relatively low-
complex arm chain of 5 DOF. However, since this configuration
lacks a joint corresponding to the flexion/extension of the wrist,
some specific gestures like clapping the hands or the stop-
gesture (arm stretch in front of the body, hand palm facing
out), could not be performed properly.

2) Elvis-Cb: The second morphology, configuration (b),
features an arm configuration consisting of only 4 DOF,
composed of a 2 DOF shoulder, 1 DOF elbow and 1 DOF
wrist. In the state of the art, social robots predominantly feature
shoulder modules with 3 DOF, which makes this specific
configuration with a 2 DOF shoulder an interesting test case.
The gesture study revealed a better performance of the postures
than expected. Only for the emotional expression of disgust,
the placement of the hand significantly differs from that in
the reference posture. For some applications, however, this
performance may be sufficient. Therefore, when only emotional
expressions are to be used and cost is a very important con-
straint, this configuration could be a decent trade-off. However,
for other types of gestures, like accurate pointing gestures or
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TABLE II: Selection of results of the gesture study for the three joint configurations, selected to study in more detail. First
row; target gestures, (a) configuration Elvis-Ca, (b) configuration Elvis-Cb, (c) configuration Elvis-Cc.

Joint configuration Anger Disgust Happiness Sadness Clapping

manipulation purposes, this configuration appeared to be less
interesting because of the limited workspace. Because of the
reduced dexterity, the calculated pointing or graping gestures
often resulted in less natural postures.

3) Elvis-Cc: Configuration (c) only differs from config-
uration (a) by the replacement of the joint responsible for
pronation/supination of the forearm by one generating a flex-
ion/extension motion. This configuration appears to be less
interesting to generate the emotional expressions of anger,
disgust and sadness. The resulting end postures suggest that the
missing joint responsible for the pronation and supination of the
forearm, is important for a good performance of the gestures.
However, for other types of gestures, as already indicated
above, the flexion and extension of the wrist is a necessary
motion to naturally execute the arm movements. Therefore, it
is worthwhile to take a deeper look into this joint configuration.
By choosing the initial placement of the wrist differently, it can

become an interesting morphology for generating emotional
expressions too.

Therefore, a second study was performed, to investigate the
effect of the initial wrist placement for this specific configura-
tion. By altering the hand orientation of the robot’s model after
coupling it to the configuration, a different robot appearance,
and therefore, different end postures can be reached. Table III
visualizes this for 4 different angles. In the first column, the
model is placed in T-pose, while the other columns visualize
the calculated end postures for the emotional expression of
anger, disgust, happiness and sadness. The configuration of
the first row equals that of configuration (c) in Table II; the
model is placed in T-pose with the palm facing out. In the
second column, a pronation of 30° is imposed on the right
and left forearm of the virtual model after coupling it to the
joint configuration. Therefore, there is a constant deviation
of the hands’ orientation with respect to the first row. The
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remaining rows similarly feature morphologies whereby the
hand is rotated around the forearm’s midline, with an angle of,
respectively, 60° and 90°. The calculated end postures show
that a pronation of 60° with respect to the original T-pose is
a good option for the included gestures. Given the results of
the gesture studies, this specific configuration appears to be the
optimal trade-off regarding performance of the selected gesture
set and complexity for our specific robot.

B. Study of the joint angle range

A third gesture study was performed to select an optimal
joint angle range. To keep the design low-cost, hobby servo
motors were used. As for the most available servo’s, the range
of the chosen motors is limited to 120°. By studying the
effect of differences in joint angle range on the predefined
set of gestures, an optimal placement of the neutral position
can be chosen to diminish the complexity of the design and
eliminate the need of an additional transmission. Similarly as
for the gesture study performed to obtain an optimal joint
configuration, for this study, a set of gestures was generated
for different joint angle ranges. Table IV illustrates how a
suitable joint angle range was selected using the emotional
expressions of anger, disgust, happiness and sadness for the
right arm of Elvis-Cc. An identical approach was followed for
the left arm. The first row of Table IV, set (a), shows the end
postures of the emotional expressions, calculated using a wide
joint limit range, namely −180° to 180° for all joints, except
for the elbow joint, which only goes to 0°. The imposed joint
limits are indicated by dots in the graph shown in the last
column, while the calculated joint angles, necessary to reach
the desired end postures, are visualized using the coloured
lines. From these results, a first limitation of the joint angle
range can be tested. The boundaries are set such that they
include the values calculated in the first trial (a), except for
the first shoulder joint. Here, the range is limited from −100°
to 20°, constraining the initial value of 30° for the expression
of anger and −133° for that of disgust. The adapted limits,
together with the corresponding calculated joint angles are
visualized in the second row of Figure IV. The effect of the
new constraints can be noted from the difference in placement
of the forearm. A second trade-off that can be made is a similar
constriction of the third shoulder joint. By limiting the angles
between 0° and 120°, the calculated values are kept within
the range of the selected servomotors. The results for these
limits are shown in the third column of Table IV. Again, a
difference in placement can be noted for the expressions of
anger and disgust. But while the effect on the predetermined
set of gestures is acceptable, the performed restrictions on the
joint angle range make it possible to use the servos without the
need of additional transmissions, allowing to use the servo’s
complete available torque and keep the design simple.

IV. VALIDATION ON THE PHYSICAL ROBOT

To validate the usefulness of the proposed design methodol-
ogy, and to demonstrate that this process can indeed be useful

for making substantiated trade-offs in the design process of
new robots, the three selected joint configurations discussed in
section III were physically build and evaluated. The arm system
was designed semi-modular, allowing several joint modules to
be switched to result in the different morphologies.

Table V lists the end posture of a selection of gestures
generated by the three different robot configurations Elvis-
Ca, Elvis-Cb and Elvis-Cc. The video’s of the gestures were
grouped on the Probo-website1. The results are in line with
the expectations raised by the gesture study. Because Elvis-
Cc misses the joint responsible for the internal rotation of the
forearm, and a constant pronation of 60° was applied on the
forearm, a difference in arm placement can be noted for this
configuration when placed in T-pose. As predicted by the tests
with the virtual model, the results in table V confirm that for
the neutral pose and the emotional expression for sadness,
only a slightly difference in hand placement can be noted,
while the effect is the largest for the performance of happiness.
Regarding Elvis-Cb, the effect of the 2 DOF shoulder module
mostly manifests itself in the emotional expression of disgust
and anger, as indicated by the gesture study. Several other
gestures were created for all configurations. Due to the page
limit, they are not all included here, but the reader is referred to
the specified website. Like the gesture study indicated, several
postures, like those for clapping and the stop-gesture, were
not achievable by the Elvis-Ca and Elvis-Cb configuration,
because they lack the joint responsible for the flexion/extension
of the wrist. Pointing motions could be generated for all con-
figurations, but because of the lower articulated configuration,
Elvis-Cb typically resulted in less natural configurations, which
was already indicated by the simulations in the gesture study.
Regarding the importance of the wrist, the flexion/extension
motion in Elvis-Cc does not significantly contributes to the
pointing capabilities of the robot, while the internal rotation
of the forearm enables the hand to be well positioned for a
potential grasping motion. Overall, we can conclude that the
validation of the gestures on the physical robots substantiate the
findings of the gesture study, and thus, that the proposed design
methodology is indeed useful to help in optimizing specific
aspects in the design of a social robot.

V. CONCLUSIONS

In this paper, we illustrated and validated the use of our
proposed design methodology by presenting the design process
followed for the social robot Elvis. The robot was developed
in the frame of the Probo-project, which aims to study cog-
nitive human-robot interaction and the possibilities of socially
assistive robots. To select a morphology optimally suited for
its desired application, the design methodology consists of
a performance study of a selected gesture set on several
different morphologies. The gestures are calculated using our
previously developed gesture software, which, thanks to its
highly generic framework, allows the calculation of mapped
gestures for different configurations with minimal effort of

1http://probo.vub.ac.be/GestureMethod/Elvis.htm
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TABLE III: By altering the hand orientation of the robot’s model after coupling it to the configuration (c), a different robot
appearance, and therefore, different end postures can be reached.

Hand ori Anger Disgust Happiness Sadness

the programmer. Since the Elvis robot is aimed to interact
with children on an emotional level, an important subset of
the incorporated gestures in the study consisted of a set of
emotional expressions. In this work, both the joint collocation
and joint angle range were optimized. Given the possibilities
of the gesture software on which the design methodology is
based, also other design aspects could be investigated, such
as relative link lengths and joint speed limits. In addition,
the study presented here focused on finding the optimal arm
design, but since also head- and body motion are included
in the gesture software, the same principles can be used for
the optimization of a head or body design. In a preliminary
study, seven different joint configurations were included. Three
configurations were selected and studied in more detail, and
were later physically developed to validate the findings of
the simulation. The arm system was designed semi-modular,
to allow different joint modules to be switched, in order to
realize the three different Elvis-variants. Different gestures
were generated for all physical morphologies. The variations
in posture resulting from the differences in joint configurations
agreed with what was expected from the precedent gesture

study. Therefore, we can conclude that conclusions drawn from
the gesture study in simulation agree with those indicated by
the physical model of the robot, and thus, the proposed design
methodology appears to be a useful tool in the design process
of social robots to help in generating an optimal design for a
specific application.
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