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Abstract— This article describes the design and testing pro-
cess of a new pair of legs for the iCub. The iCub is an open-
source humanoid robot that is being used by more than 20
institutes and research centers worldwide. Although the legs of
the original iCub allow the robot to perform basic balancing
and crawling locomotion the extension of its locomotion skills to
bipedal walking could give to the iCub community additional
possibilities for a wider range of experimentation. To extend
the iCub locomotion capabilities to bipedal walking we thus
undertook a design revision of the legs. A major novelty of
the new design is the introduction of series elastic actuators
(SEA) at the knee and ankle joints. Additional modifications
were applied at the ankle joint to improve both the torque
capability and range of motion. The present article will describe
the conceptual design of the new system, and will present some
preliminary data regarding the testing of the elastic module.

I. INTRODUCTION

In recent years there has been a growing worldwide
attention to the development of humanoid robots. Although
these robots are intended for real world applications most of
them are at the moment at the status of research prototypes to
address the different problems. For example ASIMO [1] and
HUBO [2] were developed with a focus on mobility; the
Sony QRIO [3], the Aldebaran NAO [4] and the HRP4-C
[5] were designed for entertainment. A last cathegory is the
one of service robotics where we can cite the ARMAR-III
[6], the Justin [7], the HRP4 [8] and the PR2 [9] robots.
The development of all the above mentioned humanoids
robots was based on the traditional design approach that
emphasizes the use of stiff actuation systems and aims to
minimize any passive elasticity in the drive chain. These
humanoid systems are precise in motion but their adaptability
to physical interaction and their robustness to accidental
collision are limited.

This was one of the motivations that led to the develop-
ment of series elastic actuators (SEA) [10]; since then several
humanoids comprising SEA have been developed. The first
robot known to comprise SEA was the COG robot developed
by Brooks et al. [11]. Later examples that can be cited are the
M2 lower body in 2000 which later evolved in the platform
known as M2V2 by Pratt and Krupp [12], the DOMO upper
body by Edsinger and Weber [13] that constituted the basis
for the humanoid robots developed by Meka Robotics. A
similar design has also been employed for the BioRob arm
[14]. Interestingly, with the exception of the first version of
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COG, all these robots employ SEA in their original linear
configuration embodiment.

Indeed rotational versions of SEA have become more
popular in recent years. Iwata et al. proposed a new design
for the humanoid robot Twendy-one [15]. In this case the
compliant module was constructed with a torsion bar made
of a special Titanium alloy, knowns as “Gum metal” having
a very low elastic modulus [16]. Robonaut, developed by
NASA and GM, also comprises rotational SEA [17]. More
in detail the series elasticity is obtained with a patented
custom mechanical torsion spring, properly shaped to obtain
the desired elasticity [18]. Recently the rotational SEA
developed by Tsagarakis et al. [19] was integrated COMAN
humanoid robot [20]. Finally another noteworthy example of
a humanoid robot arm with intrinsic elasticity at the joints is
the DLR hand arm system [21]. This robot comprises the so
called floating spring joints (FSJ) [22] that allow to control
the joint stiffness.

In 2010 we undertook the first major design revision
of the iCub [23]: the new version is called iCub2 and
comprises upgraded sensors, electronics, motor capabilites,
and improved head and hand mechanics. The work described
in this article is a further upgrade of this platform inspired
by features of the COMAN humanoid; the main objectives
of the project are listed hereinafter:

• integration of SEA in the knee and ankle joints,
• integration of high resolution position sensing in the

SEA modules to allow torque control,
• revision of the ankle joint to eliminate cable transmis-

sion stage, improve torque capacity and range of motion
for supporting bipedal locomotion.

• overall improvement of the robustness, reliability of
the system, simplification of assembly procedures and
reduction of production costs.

(a) (b)
Fig. 1. The figure shows a general CAD view of the robot (a) and a
detailed view of the legs assembly (b) described in this article.



II. DESIGN OF THE SEA ELASTIC MODULE

Previous experiments with the COMAN humanoid robot
allowed to determine a suitable value for the torsional
stiffness of the elastic module. The optimal value was
determined to be in the range from 300 to 350[Nm/rad].
Being the maximum leg actuator torque in the ballpark
of 40[Nm], the correspondingthe required passive angular
deflection of the SEA which permits the delivery of the peak
torque within the elastic deflection range is in the order of
of 0.1333[rad]. The elastic module of the COMAN robot
however did not allow to obtain such torsional stiffness
values. Indeed, during experiments, the elastic deflection
limit was reached at ≈ 50% the maximum torque, therefore
cancelling the benefits of the integration of SEA modules.
We therefore considered possible alternative designs of the
elastic module. As described in [19] the elastic module of the
COMAN comprises three pairs of opposing helical springs.
We therefore considered substituting the original springs with
different helical springs, disk springs and volute springs
while keeping the size of the elastic module as close as
possible to the size of the original design. We then considered
a different design comprising leaf springs. The “stiffness
envelopes” of the different alternatives are represented in
Fig.2. As can be seen none of the designs allowed to obtain
the desired torsional rigidity.

Indeed the spring selection presents a very delicate trade-
off problem. In general only springs with a diameter <
12[mm] were compliant enough to achieve the desired
stiffness levels in the available space. However these springs
would reach their yield point well before the maximum loads.
On the other hand springs capable of withstanding these
loads would be too big to be integrated in the elastic module.

Fig. 2. The figure shows the “stiffness envelopes” that could be obtained
with the different spring designs.

Finally we considered a “curved beam” spring that we
dubbed “C-spring”, somewhat similar to the Robonaut tor-
sion spring [18]. By means of analytical calculations, that
are presented in the following section, this is shown to be a
viable design alternative.

A. Analytical model

A preliminary calculation of the deflection of a curved
beam, as represented in Fig.3, was based on the classical
equations of linear elasticity [24]. For the calculation of the
angular deflection dθ of the beam under the force P we used
the well known “small angle equivalence” sin(δP ) ≈ dθ,
where δP is the tangential displacement of the point of

application of the force P . More in detail we employed
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Fig. 3. Analytical model. Model of the curved beam geometry of the elastic
element: (a) represents the beam model of the “C-spring” geometry, and (b)
represents a close-up view of a beam section at angle θ showing the force
projections for the calculation of the bending moments. The constraints are
represented in orange, whereas the known forces are represented in blue.

Castigliano’s theorem that can be broadly stated as: “the
partial derivative of the total elastic energy (expressed in
terms of external forces and torques) with respect to an
external force (or torque), is equal to the displacement (or
rotation) of the force (or torque) application point in the
direction of the force (or torque)”.

Mathematically this can be expressed as:

∂U

∂F
= δF (1)

where U is the elastic energy function, F is a force (or
torque) applied to the structure and δF is displacement (or
rotation) of the force (or torque) application point.

The general formulation of the elastic energy U for a beam
loaded by a normal force N , a shear force S and a bending
moment M is:

U =

∫
l

(
M2

2EJ
+

N2

2AE
+ ξ

S2

2AG

)
dx (2)

where E and G are the beam’s material Youngs’ and shear
moduli respectively, J is the beams’ moment of inertia, A is
the beams’ cross sectional area and ξ is the corrective factor
for the shear stresses.

In the present case however, to simplify the calculation the
effect of the normal and shear forces was neglected. Indeed
in practice, these do not have a significant effect on the beam
deformation, if compared to the effect of the bending moment
that is, in general, two to three orders of magnitude higher.

Considering Fig.3(b) the bending moment at a generic
section at angle θ can be written as:

M(θ) = r (P (1− cos(θ)) +Rsin(θ)) + T (3)

By substituting eq.3 in eq.2 and integrating over dθ in the
interval [0, 2π] we obtain:

U=

∫ 2π

0

(r (P (1− cos(θ)) +Rsin(θ)) + T )2

2EJ
dθ

=
π(2T 2 + 4rPT + r2R2 + 3r2P 2)

2EJ

(4)



The deflection of the beam end point δP under the force
P can now be calculated by solving the following system of
equations employing Castigliano’s theorem:

∂U

∂R
=
πr2R

EJ
= 0

∂U

∂T
=

2π(T + rP )

EJ
= 0

∂U

∂P
=
πr(2T + 3rP )

EJ
= δP

(5)

The first two equations yield R = 0 and T = −rP
respectively, that can be substituted in the third equation:

3πr2P

EJ
= δP (6)

thus deriving the expression for the beam end point displace-
ment δP . Eq.6 can be rearragned as in 7 to separate the
expression for the springs’ stiffness K:

P = KδP with K =
EJ

3πr2
(7)

By substituting J with the corresponding moment of inertia
equation for a rectangular section (J = bh3/12, where b and
h are the beams’ width and thickness respectively) eq.6 can
now be solved for h as:

h =
3

√
36πr2P

bEδP
(8)

We chose to construct the elastic element in X5CrNiCuNb16-
41 stainless steel; this material Youngs’ modulus E is equal
to 200[GPa]. Moreover we chose the values of r and b to
be 30[mm] and 10[mm] respectively, on the basis of the
volume envelope of the SEA module of the COMAN robot.
The value of P can be calculated by considering that at
a radius r of 30[mm] a 40[Nm] torque transforms into a
1333[N ] load. Eq.8 can now be solved to obtain the value
for the beam thickness h ≈ 2.7[mm].

A nice feature and advantage of the proposed elastic
element when compared to other implementations based
on helical springs is the design flexibility it provides with
respect to the stiffness specifications. In other words, the
dimensioning of the elastic element can be effectively per-
formed to match any desired stiffness level.

B. Finite element verification

Once the design of the joint was finalized we conducted
a finite element analysis (FEA) on the “C-spring” to ver-
ify its torsional stiffness value. For the analyses we used
the ProMechanica FEA module integrated in the software
package that we use for the design of the robot mechanics
(PTC ProEngineer Wildfire 4.0). The model under analysis
is represented in Fig.4, that also shows the mesh for the
FEA. The mesh was composed of 1062 elements whose
polynomial order of integration was adaptively adjusted
between 3 and 7. We chose to run a two dimensional plane

1see material datasheet
http://www.aksteel.com/pdf/markets products/stainless/precipitation/17-
4 PH Data Sheet.pdf
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Fig. 4. FEA model. Subfigure (a) shows the geometry of the model
employed for the FEA. The model was constrained in all displacement
directions in the area maked with the letter A. A tangential force was
applied in the area marked with the letter B; moreover in this region the
displacements were constrained in the radial direction. Subfigure (b) shows
the mesh used for the FEA.

stress analysis thus exploiting the geometry of the problem
for running a less computationally intensive calculation. The
results of the simulation are shown in Fig.5. As can be seen
the maximum displacement is in the order of 3.6[mm], and
the maximum Von Mises equivalent stresses are below the
elastic limit of the material (1000[MPa]).

(a) (b)

Fig. 5. FEA results. The figure shows the plots of the stress (a) and
displacement (b) fields.

C. Elastic element embodiment

We then finalized the design of the elastic module. The
final embodiment of the subsystem is represented in Fig.6
and Fig.7. In Fig.6 the placement of the high resolution
encoder can be clearly appreciated. At a radius of 20[mm]
and a torsional stiffness of 350[Nm/rad] an encoder with a
resolution of 2.51585 10−5[rad] should yield a 0.0088[Nm]
resolution for torque measurements at the link side after the
gear reduction. Considering a gear ratio of 100 : 1 this
corresponds to a torque of 8.8 10−5[Nm] at the motor side
(before gearbox) a value which is well below the cogging
torque level (0.0046[Nm]) of the brushless motor used in the
joint. This confirms that the achieved resolution is adequate
for torque control applications. Fig.7 shows in detail how the
module is assembled; the figure also shows the protrusions
in the “Motor output” part that constitute the hardware limits
for the spring.

III. OTHER LEG DESIGN IMPROVEMENTS

A. Part symmetrization

In general the production cost of a humanoid robot scales
with the number of custom mechanical parts it comprises.
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Fig. 6. Front view of the elastic module.
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Fig. 7. Exploded view of the elastic module.

Moreover the high number of custom mechanical parts
constitutes an additional problem for what concerns the part
warehouse management. This fact was also pointed out in
[8] where the authors used the left parts of the HRP-4 body
segments to assemble also the right part body segments.

In the present case we adopted a slightly different ap-
proach based on the symmetrization of components to limit
the number of custom components. To do this we started off
from the original iCub2 parts and selected the parts that could
be made symmetric. We then changed the part features in
order to render the part symmetric with respect to its sagittal
plane. An example of this process is shown in Fig.8. Parts

(a) (b)
Fig. 8. Symmetrization of leg parts. The figure shows an example of the
parts symmetrization process described in the main text: (a) represents a
CAD model of the iCub2 knee motor housing, that is not symmetrical, and
(b) how the same part has been changed in the present leg design, now
being symmetric with respect to its sagittal plane.

possessing such a property can therefore be mounted on both
the left and right body segments of the robot.

B. Electronic boards supports

Another significant change from the original iCub2 design
was the introduction of new electronic boards supports. In
the previous design all the electronics was mounted on

custom metal parts. As done in the COMAN robot these
support parts are substituted by plastic parts fabricated via
rapid prototyping (RP). This allows flexibility in placing
the electronics on the mechanical structureresulting in a
more compact volume to be enclosed by the robot covers.
An additional advantage are the fast iteration times in the
development of these parts, where modifications are often
necessary to optimize the electric wires routing.

C. Foot sensors

One of the most interesting features of the iCub robot is
its so-called “skin”. In recent years a distributed pressure
sensing technology was developed [25], and integrated on
the upper-body of the robot [23]. We took the occasion of
redesigning the foot for integrating the same technology on
the foot sole. This should allow to measure more precisely
and reliably the center of pressure, that is a key variable
for the control of walking. Moreover 6-axis force torque
sensors as those developed in the Robotcub project [23], [26]
were added between the foot and the ankle joint to allow the
measurement of the zero moment point.

D. Ankle joint transmission linkage

As done in the COMAN robot we changed the ankle
abduction-adduction transmission mechanism. On the iCub
this transmission was obtained with a 1.5[mm] diameter
steel cable. This design was unconvenient to assemble and
introduced unwanted elasticities. We therefore replaced it
with a four bar linkage.

IV. SUBSYSTEM VALIDATION

Before integrating the new elastic element in the four
elastic joints of the legs we conducted a validation of the
single sub-systems. The setup used for the tests is represented
in Fig.9.

High resolution Avago 
AEDA 3300 optical 
encoder (reference) 

High resolution AS5311 
magnetic encoder (under 
test) 

stainless steel C-spring 

iCub FTSens45 6-axis 
force torque sensor 

Fig. 9. The photo represent the setup used for the validation tests.

A. Elastic module stiffness

Previous experience with the COMAN robot shows that,
in spite of precise calculations, the total stiffness of an
elastic element (even in the case of the design based on
helical springs) tends to be overestimated up to a 30%.
The effect of this issue is that the elastic element reaches
its hardware limits before the maximum torque is exerted.
The causes of this phenomenon probably lie at the assembly
level. Despite all parts of an assembly are generally believed
as infinitely rigid, they are not, and the sum of all these



elasticities decreases the overall elastic module stiffness.
Indeed, as can be seen in Fig.10 this effect also affected the
“C-spring” SEA design. To obtain the desired joint stiffness
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Fig. 10. Measured “C-spring” torsional stiffnes. The figure shows the
measured torsional stiffness of the elastic element. The first version of the
elastic element, here shown in blue exhibited a lower stiffness than desired
(≈ 180[Nm/rad]). The component was therefore redesigned to achieve a
stiffness level compliant with the initial specifications (≈ 350[Nm/rad]).

we therefore redesigned the elastic element to be 3.25[mm]
thicker: the new elastic element is now compatible with the
initial specifications.

B. High resolution encoder

Another validation activity was performed on the high
resolution encoder integrated into the elastic module. The
encoder is based on the Austria Micro Systems AS53112

single-chip IC with integrated Hall elements for measuring
linear or rotary motion using multi-pole magnetic strips or
rings This component allows a high resolution linear position
measurement, up to 0.488[µm]. To validate this component
we compared it with an Avago AEDA 3300 optical encoder
3 (see Fig.9).

The plots in Fig.11(a) and (b) seem to show a good
correspondence of the angles measure with the two encoders;
fitting a line through the data measured with the refer-
ence and test encoders yields a R2 coefficient of 0.99966.
However if instead of the absolute values we consider
the differences between the values measured with the two
encoders significant differences emerge. As can be seen in
Fig.11(c) the angle measurement fluctuations are in the order
of 0.135[deg] that are more or less 0.9% of the full range
of motion. With a torsional stiffness of 350[Nm/rad] this
error translates to a 0.825[Nm] fluctation in the measured
torques.

This value is not negligible and additional tests will need
to be conducted to ensure this issue does not affect adversely
the control of the system.

V. LESSONS LEARNED

• RP board supports. We found the construction of board
supports via RP to be effective in reducing development

2see AS5311 product website, http://www.ams.com/eng/Products/Magnetic-
Encoders/Linear-Encoders/AS5311.

3see http://www.avagotech.com/pages/en/motion control encoder products-
/incremental encoders/transmissive encoders/aeda-3300-tc1/

Fig. 12. The figure shows a photograph of the legs prior to the application
of the electronics and the wiring.

time and costs, and in allowing better integration of the
electronics in the final system.

• Stiffness of SEA mechanical assemblies. This experi-
ence confirmed that the stiffness of a SEA assembly
is easily underestimated by theoretical calculations. In
our case the measured stiffness was almost 30% less
than the predicted value. This needs to be taken in
account when designing such a system with appropriate
corrective factors.

• AS5311 magnetic encoder linearity. To measure the
torsional spring deflection we placed the AS5311 en-
coder radially with respect to the axis of rotation. To
do this we had to bend the encoder magnetic strip on
a cylindrical surface of radius 20[mm]. This in turn
modified the strips’ magnetic field adversely affecting
the position measurements. Further test will be needed
to address this issue.

VI. CONCLUSIONS AND FUTURE WORK

The article presented the design of an upgrade of the legs
of the iCub humanoid robot. The most relevant feature of
the new design is the addition of SEA modules to the knee
and ankle joints. We described the conceptual and detailed
design of these new sub-assemblies. Finally we presented
some of the systems’ validation test. We have constructed a
pair of legs (see Fig.12) and installed them on one of our
iCub robots. The experimental validation of the new legs will
follow shorty and will initially include the execution of join
torque control trials utilizing the elastic element deflection as
torque measurement. The full functionality of the new legs
will also be verified through bipedal locomotion experiments.
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Fig. 11. Encoder linearity test. Subfigure (a) shows a plot the time series data of the reference and test encoders (Avago AEDA330 and AS5311 respectively).
Subfigure (b) shows a plot of the normalized measured angles of the two encoders. Subfigure (c) shows the fluctuations of the angle measurement of the
AS5311 encoder with respect to the angles measured by the reference encoder.
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