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Development of a New Hydraulic Ankle for HYDROID Humanoid Robot

A. Abdellatif' - S. Alfayad’ - Arne-Christoph Hildebrandt? - F. B. Ouezdou’ - N. Mechbal? - Yahya Zweiri*

Abstract

For humanoid robots, design of the ankle mechanism is still open research problem since high torque is required while
compact structures have to be maintained. This paper investigates an enhanced design of 3 degree-of-freedom hydraulic
hybrid ankle mechanism. The design is based on (US9327785) Alfayad et al. (2011). Using a hybrid kinematic structure
with hydraulic actuation, allows us to reach a slender humanoid ankle shape while enabling the high torque performances
required for stable walking. Performances analysis of the first version ankle mechanism designed for HYDROID humanoid
robot showed some limits mainly induced by seal friction and pistons misalignment. In this paper, the influence of the
friction parameters is explored. A virtual model is developed to evaluate the performances of a new flexion/extension and
adduction/abduction pistons arrangement. Then, a control algorithm is simulated and implemented, as an example, to the
flexion/extension motion of the new ankle mechanism. Finally, an experimental validation for the performances of the new

proposed hydraulic ankle is conducted using the built hardware prototype, the results show significant improvement.
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1 Introduction

Nowadays, the need for intelligent and robust humanoid
robots has become crucial, especially in the areas of
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research platforms, industrial services, investigation of
hostile environments and human-robot interaction [2].
Humanoid robots have recently attracted more research
attention in the field of walking on rough terrain and in
unstructured environment as well as studying human loco-
motion behavior [3]. Moreover, acceptance may increase
when familiar human-like robots are used for performing
tasks in domestic environment and for entertainment pur-
pose. However, there are some challenges to consider in
the humanoid design such as reducing energy consump-
tion that may limit robot performances, safe human-robot
interaction as well as physical compliance in the robot
behavior. In order to tackle these issues, increasing research
is focused on the humanoid robot actuation technologies.
Two main actuation technologies are used for humanoid
robots.

Firstly, electric actuation,used in several humanoid
robots such as HONDA ASIMO [4], NAO [5], LOLA [6]
and WABIAN-2 [7]. Electric actuators are normally low-
cost. However, they need a gearbox to adapt the required
torque and speed. This induces many of intermediate
mechanical parts. Therefore, this increases substantially the
total weight of the system. Indeed, actions like jumping
and running need a high dynamic actuation performance
in terms of speed and torque which can not always be
supported by electric motors unless to oversize them.



The other technology used for actuating humanoid robots
is based on hydraulics. The advantages of this technology
lies in its very high power-to-mass-ratio, in addition to
its high power-to-volume-index compared to the electric
actuators. This brings efficient solution in term of high
speed , robustness and the ability to cope with high transient
force which are required for humanoid robots [8]. This
technology was adopted to actuate robots like: CB [9],
SARCOS [10], HyQ [11] and ATLAS [12] humanoid
robots. The robustness and high performances shown by
these robots validated that hydraulic actuation is suitable for
legged robots.

Nevertheless, hydraulic actuation has some drawbacks.
Hydraulic actuation systems always suffer from inter-
nal leakage inside the actuators as well as possible
losses through hoses and connectors. Moreover, a central
Hydraulic Power Unit (HPU) that produces high pressure
is usually required for heavy duty applications. HPU based
solution is more energy efficient than other solutions since a
locked joint at a given position leads inherently to bypass the
corresponding hydraulic actuator. In, this case, the energy
produced by the HPU is converted to heat dissipation in
hydraulic fluid. This may change the fluid physical and
chemical properties making it hard to adjust the parameters
of the control algorithms. To tackle this major drawback of
central hydraulic actuation, an Integrated Electro-Hydraulic
Actuator (IEHA) was developed by Alfayad et al. [13] in
which it is possible to actuate each joint of a robot by its
own hydraulic unit and independently from the other joints.
Moreover, the Concept of Integrated Hydraulic Connec-
tions (CIHC) is developed for HYDROiD humanoid robot.
The CIHC consists passes fluid inside the links parts, thus,
eliminating the need for external hoses and reducing their
possible leakage.

Furthermore, one of the main mechanisms required to
achieve legged locomotion is the ankle joint. Knowing
that bipedal humanoid robots are expected to play a major
role in the future, several researchers have conducted a
study for ankle mechanisms of humanoid robots. Ogata
et al. [14] have studied the fundamental characteristics
for an effective ankle mechanism, which includes: light
weight and robustness, the ability of adaption to the ground,
torque generation after landing of the foot and the sensing
elements. Syrseloudis et al. [15] investigated several robotic
designs for ankle function evaluation, measurement and
physiotherapy. They suggested parallel tripod mechanism
with an extra rotation axis based on kinematic analysis
and ensured the simplicity, accuracy and generality of their
solution experimentally.

Aggogeri et al. [16] introduced an ankle kinematic model
and used a simulation software to demonstrate the ankle
movements in his attempt to produce a rehabilitation device
for the human ankle based on a parallel mechanism. Another

example for the design of the ankle joint using a parallel
mechanism is introduced in the humanoid robot TaeMu
[17]. In this robot, the sagittal and the frontal rotations of the
ankle are achieved using two coupled hydraulic actuators.
In this design, for every given joint angle, velocity and
torque, one can compute the cylinder linear displacement
and velocity and vice versa. Another novel design for
the ankle was introduced by Omer et al. [18] in which
an adjustable stiffness artificial tendon was introduced for
the ankle joint of a bipedal robot. Narioka et al. [19]
proposed a robotic ankle-foot complex, which is similar
to the anatomy of the human foot. The proposed foot
consisted of three links, two joints and four plantar muscles,
whose mechanical stiffness can be controlled by utilizing
McKibben pneumatic actuators. Eventually, this mechanism
performed the biped motion successfully.

On the other hand, Ouezdou et al. [20] analyzed different
foot models using dynamic simulation to study their
performance in walking gait. The two studied criteria were
the energy consumption and the normal contact forces.
Their results proved the efficiency of the active flexible foot
model and that the introduction of an active joint at the toe
level reduces the required energy for walking gait. Further
research on the ankle mechanism design was carried out by
David et al. [21], in which they proposed a compliant soles
which can absorb the perturbations generated by ground
impact forces. This mechanism was applied to the humanoid
robot HRP-2.

Moreover, Yousheng et al. [22] showed the effects
of geometry and design parameters of the hydraulic leg
mechanism on the performance of the hydraulic actuation
system. Improvements in the mechanical design always
have a great influence on the power required for the
actuation system as well as on the enhancement of the whole
system performances.

Furthermore, E. M. Ficanha et al. [23] suggested the
usage of cables to control two degrees of freedom of the
ankle, in which power, range of motion and light weight
can be provided. The developed mechanism showed a
passive mechanical impedance close to the impedance of a
human ankle, prompting the feasibility of controlling this
mechanism using impedance controller.

Based on the state of the art of ankle mechanism design
and as reported by the authors [24], the design of the
ankle mechanism raises usually two global questions to
answer: What is the real number of degrees of freedom to
reproduce? Then, which actuation technology will be used?
The solution proposed for HYDROiID humanoid robot
ankle is based on a spherical 3 DoFs mechanism actuated
hydraulically. The adopted solution avoids the “blow up”
issue of the ankle inherently induced by the use of gear-box
reduction system of the major humanoid robots. Moreover,
the slender shape for the HYDROID ankle induces an



advantage regards the energy consumption since its center
of mass is close to knee joint.

In this paper, a brief description of the hybrid ankle
mechanism for HYDROID is discussed in Section 2.
Experimental prototype and characterization data of this
version are detailed in Section 2.2. Moreover, the basic
phenomena that limit performance in hydraulic robotics
such as leakage, seal friction and piston misalignment are
identified. Based on a developed virtual model detailed
in Section 3, one specific focus dedicated to the study of
the friction parameters affecting the ankle joint motion is
given in Section 3.3. Based on the analysis of the previous
data, a new improved solution of the ankle which can be
fit in compact space is presented in Section 4. A control
algorithm is simulated then experimentally implmented, as
an example, to the flexion/extension motion of the ankle
is presented in Section 5. This leads to the experimental
validation of the performances of the new version. Finally,
Section 6 is devoted to the conclusion and the future work.

2 Hybrid Ankle Mechanism Description
and Performance Analysis

2.1 Mechanism Description

Hybrid mechanisms is one of the main advantages of the
humanoid robot HYDROID [25]. In this paper, the hybrid
ankle mechanism is introduced. This mechanism consists of
a mechanical system with an external hydraulic circuit, the
mechanical system composes of two subsystems. The first
subsystem is a serial chain mechanism, while the second
subsystem is a fully parallel mechanism. The latter can
be described as a series of rigid bodies connected to two
platforms (i.e. fixed and moving), as stated by Gough-
Stewart [26].

The simplified ankle mechanism sketch shown in Fig. 1,
consists of a top yaw rotation joint denoted by 6,, while the
pitch and the roll rotations are in the bottom and denoted
by 0, and 0, respectively. A fourth rotation 0., allows
HYDROID to have an active foot as suggested by Ouezdou
et al. [20]. To actuate the full parallel subsystem, four
linear actuators r/, performing the coupled motions with
the connected cables denoted as C; with i € 1,2,3,4
are added. One has to notice that, for this first design,
generating either flexion/extension or adduction/abduction
pure motions, only two antagonistic linear actuators have
to be used to pull the steel wired cables fixed to the
foot. Moreover, the hydraulic system consists of four
single acting cylinders that are controlled by two double
stage servo-valves. As shown in Fig. 2, each two coupled
cylinders work together to actuate the foot in the sagittal
or the frontal planes. The front and back hydraulic pistons,

Yaw

Fig. 1 Simplified kinematic structure of hybrid ankle mechanism

denoted as r; and r3, are hydraulically connected to one
servo valve therefore it behaves like one double-acting
cylinder. As the fluid enters the stator from below, the piston
moves upwards, releasing the air through outlets located on
the top of the stator. The corresponding piston is connected
to the return line which causes downwards motion making
the whole foot moves freely around the universal joint. The
same principle is applied to the left piston r, and right one r4
giving the rotation in the frontal plane. Moreover, aligning
the four pistons axes along the tibia vertical axis allows us
to fit the hydraulic subsystem in a very compact space and
ensure a slender ankle shape.

Finally, the double-acting cylinder Ls shown on Fig. 2 is
dedicated to the yaw motion of the whole system formed by
the tibia and the active foot relative to the knee. The first
ankle prototype is shown in Fig. 3.

2.2 Performance Analysis

As reported in [24], a prototype was built and tested.
The target of the developed mechanism is to reach the
following ranges of motion. The rotation 6,, around the
vertical axis is between -45° and +45° while 6, in the
frontal plane is between -20° and +20° and 6y, in the sagittal
plane is between -15° and +45°. At first, an analysis is
carried out to identify the parameters that may affect the
hydraulic performance of the hybrid ankle mechanism. The
identified parameters with significant influence are mainly
the pressure to generate the required torque around the
sagittal and frontal axes, the leakage at the piston level and
the friction of the hydraulic pistons. The increase of friction
values leads inherently to wear and more energy lost. The
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Fig. 2 Hydraulic subsystem diagram for the hybrid ankle in which piston stroke (L (i)), cylinder outer diameter SC (i) with (i = 1,2,3,4,5),
piston-cables connecting point E(j) and air pressure outlet point AN (j) with (j = 1,2, 3,4)

wearing phenomenon was clearly identified through the first
version of the hybrid ankle mechanism.

Concerning the required pressure, it is observed that
high pressure values were necessary to satisfy the required
motions and forces. Hence, various mechanical parts need to

Fig. 3 First Ankle mechanism for the hydraulic humanoid robot
HYDROID

be redesigned. Decreasing operating pressure will be useful
to reduce the size of the required HPU and hence reducing
the total weight of the humanoid robot and increase the
mobility of the latter.

For the leakage at the piston level, O-ring are usually
placed on pistons to prevent oil leakage. Under hydraulic
pressure, O-ring will undergo elastic deformation increasing
friction with the cylinder chamber and finally preventing
leakage. Reducing the friction between the O-ring and the
cylinder chamber while ensuring zero leakage is a trade-
off which is hard to achieve. Therefore, special attention
needs to be paid to the mechanical design of the piston
and the cylinder. Reducing the theoretical leakage (without
the O-ring), is a key factor to ensure almost zero leakage
with minimum friction when the O-ring is used. Therefore,
the theoretical leakage flow Qjeqkage has to be calculated
depending on the designed parts. The leakage mainly
depends on the shape of the moving actuators namely the
hydraulic pistons moving in the cylinders. Thus, based on
the shape of the piston, hydraulic fluid physical properties
and pressure difference between the two cylinder chambers,
the resultant leakage flow without considering the effect of
the O-ring can be calculated as follows, Rabie [27]:

AP x7 xdxc?
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Qleakage =

Where d is the piston diameter in [m], ¢ is the radial
clearance in [m], p is the density of the hydraulic fluid in
[kg/ m?3], v is the kinematic viscosity in [m2/s] and L is
the length of the piston in [m]. Using the corresponding
values of the parameters of the first version of the ankle



mechanism, the leakage flow is estimated to be equal to 0.02
[{/min].

The third aspect pointed by the performance analysis of
the first ankle mechanism is related to the misalignment
effects of the hydraulic pistons. One of the most important
parameters that always needs to be considered in moving
mechanisms is friction. As some energy is lost due to
friction in the form of heat, deformation or wear, this leads
to a total degradation of system efficiency and lifetime
with increasing costs as well. From the experimental
analysis for the first version of the ankle mechanism, it
was observed that the motion of the cables exerts a radial
force that acts on the piston inside the cylinder. This force
creates a misalignment of the piston as shown in Fig. 4
with respect to the cylinder axis by an angle o [28].
This angle increases piston friction, wear of the seal and
oil leakage.

2.3 Summary of Performance Analysis for the Ankle
Mechanism

Based on all of the above discussed parameters, a high
relative pressure is needed to actuate this mechanism
since the first version of the ankle mechanism suffers
from relatively high oil leakage and friction. Hence, it’s
necessary to design and manufacture a modified version
of the mechanism to enhance these parameters. To achieve
this aim, a specific focus is dedicated to the friction
phenomenon. In order to estimate the friction effects, a
dynamic simulation has to be carried out. This simulation
can be conducted either using commercial software (i.e.

Radial Force

Fig. 4 The misalignment caused by the force resulting from cables
action

ADAMS) or developing our own model. Using ADAMS
software has an advantage since the friction is based on
the latest improved model where some parameters have to
be tuned in “trial and error” procedure. Hence, a complete
virtual model of the ankle mechanism based on the ADAMS
software was adopted and the whole procedure is detailed in
the next section.

3 Virtual Model and Friction Analysis
of the Ankle Mechanism

3.1 Virtual Model

To fulfill the requirement of efficiency of a virtual model,
it’s necessary to develop a the geometrical model for
the mechanism using a CAD (Computer Aided Design)
software. In this study, the geometric model was developed
which represents the basis for the construction of the real
mechanism. Then the developed model is interfaced with
ADAMS as shown in Fig. 5.

To deal with hydraulic parameters, ADAMS offers a
toolbox called EASYS which represents the mathematical
modeling of a real hydraulic system composed with a
hydraulic servo valve, hydraulic oil density, and pump
nominal pressure. This allows ADAMS to emulate the
real systems, where its hydraulic parameters can be set
numerically. Figure 6 shows a screenshot of the hydraulic
circuit drawn in the toolbox and used to simulate the new
hybrid ankle mechanism.

The system model components are the servo valves
having a pressure drop AP = 50 [bar], with nominal
flow rate equals to 12 [//min]. Furthermore, the pump is
modeled as a constant pressure source, while the hydraulic
pistons are assumed having a pressure area of A, =
294.5 [mm?2]. The used hydraulic oil has a bulk modulus
B = 1.5 [GPa] and density p = 850 [kg/m?]. Since
the frequency for the periodic walking HYDROID robot
is about 1 [Hz] [24], no high frequency actuation of the
servo valve is needed. Therefore, the transfer function for
the servo valve can be expressed as a first order equation

Step File >
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Dimensions & Modeling
CAD Software locations of parts Simulation
d Software
Inertia matrices
g
ADAMS

Fig. 5 Interaction between CAD and ADAMS for building and
analyzing performances of proposed solution
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where each cable is modeled by a rigid body and two spherical joints

([29] and [30]). Hence, the system transfer function can be
expressed as following:

Xy (s) K 3.7268e — 08
I(s) Ts+1  0.00155 + 1

Where x,(s) and I(s) are the laplace transformation of
the spool displacement of servo valve and the servo-valve
input current respectively. K is the static flow gain and T is
the time constant.

G(s) = (2)

3.2 Position Control

A PID control loop is applied on the virtual model (See
Fig. 7) to let the ankle mechanism following the desired
motion. The inputs of this control loop are the desired angles
qaq = (6x, 6y, and 6;) and the outputs are the measured ankle
angles gy, .

qa +

Am

In order to apply the control algorithm, the model in
ADAMS is connected to a C++ subroutine where the control
law is written. The controller was firstly applied to the pitch
rotation angle 6y, as an example. Figure 8 shows the response
of the system for a step amplitude equals to 0.5 [rad]. It
is observed that the system reached stabilized state with
settling time equals approximately to 3.9 [ms] and with zero
steady state error.

3.3 Friction Study of Ankle Mechanism

Previous studies shows that the effects of friction are most
noticeable at the pistons for hydraulic applications [31].
This leads to the integration of friction in the virtual model
with the aim of making it more realistic. A friction model
built in ADAMS, based on the study developed by Ellman

Fig.7 Control loop of the ankle mechanism used for the ankle virtual model
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Fig.8 Step response of 6y for a step input of 0.5 [rad]. The response signal settles after 3.9 [ms]

et al. [32], is used to simulate the behavior of the ankle
actuators. This model is concerned with the transition phase
between the rest position of the actuator and the beginning
of its motion. The transition phase is detailed on Fig. 9.

The implemented model is governed by the following
equation:
min(|vpi| ,Uf)

vf

Where Fy, is the friction force which always operates
against the direction of piston movement, wy is the
coefficient of static friction, v, is the velocity of the piston
i, vy is the velocity of the piston in the transition phase,
Fy is the force of static friction and c ¢ is the coefficient of
viscous friction.

To get the friction parameters for Eq. 3, an experimental
identification leads to a static friction force F§ for the ankle
first prototype equals to 52.5 [N]. Therefore, the values

Fr=0—puy ) Fs +crvp, (3)

Transition Phase

Static friction Phase | | Dynamic friction Phase

Velocity

—H

Fig.9 The friction model response as stated by Ellman [32], in which
the transition zone is clearly shown

of iy and cy are chosen accordingly to Fy and based on
the material combination of the parts of the first ankle
mechanism [31]. These values were found to be: uy =
0.333 and ¢y = 0.0525 [N.s/mm]. On the other hand,
the velocity of the piston in the transition vy phase was
estimated 50 [mm/s].

Several simulations with different friction parameters
were carried out in order to study their sensitivity to the
static force F§. The simulations showed clearly an important
influence of the coefficient of the static friction pys. No
major influence of coefficients ¢ and vy were observed.
The developed virtual model and the friction analysis results
are used to propose new material combination for the
enhanced version of the ankle, as detailed in the next
section.

4 New Mechanism Design

In order to overcome the previous problems mentioned
in Section 2, (e.g pressure supply for producing required
torques, friction force, leakage effects and misalignment of
the pistons), a new version of the ankle mechanism is proposed.
The new mechanism kinematics structure has to be modified
while keeping the total number of degrees of freedom and
the rotation around the vertical axis (6;) unchanged. The
arrangement of two other degrees of freedom (6, and 6y)
has to be changed in order to increase the efficiency of the
mechanism which was unsatisfactory. Moreover, avoiding
the misalignment of the piston axes and simplifying the
whole system are also targeted. In the next subsections the
choices for the new proposed solution are presented.

4.1 Modified Kinematic Structure

Since the main objective of the ankle mechanism is to
achieve walking, therefore the walking gait cycle of human
being was studied in [18]. This analysis concluded that a



100

&6 L Stanigg Phase 60 %

Ankle Moment in Sagittal plane during normal walking

Swing Phase 40 %

el Strike Foot Flat
-1 Od“ =

Dorsiflexion

e off Heel Strike

> G— N

-

-150 |\

Ankle moment [N.m]

-200 |-

=l < >
<«

-250 . ;
(0] 20 40

60 80 100

Ankle stance during walking [%]

Fig. 10 The moment exerted by the human ankle during the sagittal rotation for a subject with a mass of 120 kg

large torque is required for the flexion/extension motion of
the ankle namely 6, as depicted in Fig. 10 which assumes
a human weighing 120 [kg]. This mass is targeted for the
underdevelopment HYDROID humanoid robot. Therefore
the required maximal torque t§”“x is equal to 216 [N.m].
One should notice that the maximal required torque for the
motion in the frontal plan 7"“* is around 101 [N .m] which
is less than 46% of 7)'“*.

In order to optimize the produced torques by the ankle
mechanism, it is necessary to make the two couples

N

hydraulic pistons front&back (ri, r3) and left&right (rp,
r4) contributing to produce the flexion/extension torque Ty.
This will enhance the capabilities of the ankle mechanism
but requires a complex control law to derive the coupling
actions between the four hydraulic actuators. Rotating the
two hydraulic pistons couples around the roll axis by an
angle o leads to a new resulting torque r;‘ given by the
following equation:

r;‘ = Fypd cosa + Fydsino )

Frontal axis

<&

X

i
17 |
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Sagittal axis

Fig. 11 The new position of the piston actuators rotated by angle «
where the dotted lines describe the old position and the solid lines the
new ones. The projection is on the X-Y plane where « is the angle

between the axis of the actuating piston and the axis of the ankle and
d is the distance from center of the ankle to the center of the actuating
piston
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Fig. 12 The new kinematic structure of the enhanced ankle mechanism

Where Fyy is the force produced by the front and back
pistons while Fj,. is the force produced by the left and
right ones. d represents the distance between the hydraulic
actuators and the tibia axes as depicted on Fig. 11.

For a given HPU system, the available pressure is the
same for all hydraulic actuators of the ankle mechanism.
Therefore, assuming that the four pistons have the same
section area, Eq. 4 can be re-written in the following form :

&)

Where P is the supplied pressure and S, is the section
area of each hydraulic piston. It’s clear that to get the
maximum value of the flexion/extension torque for a given
pressure, section area and d distance, angle « should be
equal to % since this value maximize the sum (cos «—+sin ).

r;’ = PS,d(cosa + sina)
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Therefore, the new proposed parallel subsystem mechanism
including the hydraulic actuators with their fixed cables
rotated around the roll axis by an angle of % as depicted on
Fig. 12.

4.2 Piston Friction Force Reduction

Several aspects have to be considered for the selection of
mechanical parts of the enhanced ankle mechanism. These
aspects include the material selection, the used fluid, the
surface finish, the operating temperature, and the surface
coating (bushing). The most important choices have to
consider the material combination of parts at the points of
contact with the hydraulic pistons denoted (A), (B) and (C)
which are shown on Fig. 14. The new material combinations
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w— 100N
— 200N
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Fig. 13 Simulation results for the friction forces acting on the ankle pistons



Fig. 14 Points of contact in the enhanced ankle mechanism defined in
Table 1

induced new friction parameters which are introduced in
the virtual model (presented in Section 3) to estimate the
new friction forces on the pistons. Table 1 summarizes
the corresponding parameters for the above mentioned
three contact points. Different sinusoidal functions were
tested and the new piston friction force minimal value
was found to be Fyiny = 35 [N] at contact point (A).
In Fig. 13a, the new forces of friction are shown for
one of the front and one of the back pistons making
the sagittal motion. While in Fig. 13b, this new obtained
friction force was compared with other output simulation
values (including the output friction force from the first
prototype which is equal to 52.5 N). These results validate
the improvement of the new design in the term of friction
reduction by almost 33%. For point (B), it was enhanced
by 11% while for point (C), an enhancement of 10% was
achieved.

VA
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e

Fig. 15 Exploded CAD view (a) and photo of the enhanced ankle
mechanism (b) with its main parts: a Foot supports, b Tibia ax support,
¢ Upper tibia , d Tibia ax, e Pistons, f Piston guide-way, g Foot, h Toe
piston, i Toe, j Tibia stator

4.3 Leakage and Misalignment Issues

The other tackled problem here is the oil leakage. Hence,
an analysis of the O-ring effects on the performances of

Table 1 Table showing material combinations for the enhanced ankle mechanism

Key Ankle Parts Materials ny cr

A Tibia & O-ring seal Fortal & PTFE 0.24 0.19
B Hydraulic Piston rod & Cover Nut Steel & Bronze 0.18 0.16
C Hydraulic Piston rod & Guide-way bearing Steel & PTFE 0.2 0.05




Fig. 16 HYDROiID humanoid robot including the new hybrid ankle
mechanism

the actuators is carried out. The increase in the oil leakage
is due to the mechanical design which makes the O-ring
encounters an overwhelming leakage and so, more O-ring

deformation is needed to overcome such leakage, causing
more friction. Therefore, the leakage in the new design
was reduced by enhancing the mechanical design of the
piston, the rod and the cylinder. The piston radius has been
increased from 2.5 [mm] to 5 [mm] and piston head radius
from 10 [mm] to 13 [mm]. This leads to a decrease in flow
leakage to 15% of its previous value, as the new Qjeqkage =
0.003 [I/min] based on Eq. 1. In addition, a new adapted O-
ring was added having an internal diameter of 23.34 [mm]
and torus diameter equal to 1.78 [mm].

Finally, to overcome the pistons misalignment effects, a
new solution is proposed. A new part called “piston support
guide-way” denoted (F) on Fig. 15, is added. This allows
us to ensure an improved guidance of the hydraulic piston
rod and thus prevents its misalignment by the radial force
of the cables as shown in Fig. 14. An exploded view of
the new mechanism with a reduced number of parts (10
including the active foot mechanism and its actuator) is
given in Fig. 15. The new parts were manufactured and
assembled as shown in Fig. 17. A CAD image for the
new ankle mechanism with HYDROID robot is shown in
Fig. 16.

5 Experimental Results

A setup dedicated to the analysis of the performances of
the new enhanced version of the hybrid hydraulic ankle was
developed. Figure 17 shows an aluminum structure built
to hold the fully parallel part and serial one of the ankle

Fig. 17 A setup based on the enhanced version of HYDROID hybrid ankle mechanism. Its main parts are (1)Toe piston, (2)Steel wire holding
the weight, (3)Weight carried by the mechanism, (4)Electronic circuits and (5),(6)Pressure Gages for the pressurized oil entering and exiting the

cylinder



Fig. 18 The sagittal rotation (A) and the frontal rotation (B) for the
HYDROID ankle

mechanism as well as the hydraulic actuator of the toe. This
setup is supplied by an external HPU and can be loaded
with several payloads. New joint sensors based on contact-
less hall effect are used for the new ankle mechanism. These
sensors allow accurate measurement of the joint positions

and allow driving the servo valves through control loop
using a master control unit.

Our ultimate goal is to be able to reproduce, with the
proposed solution, the performances of a human being who
has the same weight of HYDROID humanoid robot in terms
of required torque and speed. A complete demonstration of
the fully parallel degrees of freedom (ie. sagittal and frontal)
as well as the toes movement are implemented. Figure 18 is
a snapshot extracted from video that shows that the required
ranges of motions are successfully achieved. The upper and
lower limits of the range of motion for both sagittal and
frontal joints are —15° to 45° and —20° to 20° respectively.
Such limits exceeds the previous limits of the first version
of the ankle which were —15° to 30° and —15° to 15° for
sagittal and frontal motions respectively.

Position based control of motion of the frontal and sagit-
tal joints is detailed in the following subsection. Moreover,
a comparative study between the first and the enhanced ver-
sions of the torque that the ankle mechanism is able to
produce, is also illustrated. This is given in Section 5.2,
demonstrates the effectiveness of the new proposed solu-
tion.

5.1 Experimental Joint Responses

Experimental validation of the mechanism was carried
for the frontal (6,) and the sagittal (f,) rotations. At
first, flexion/extension motion 0, was tested using two
different inputs namely step and sinusoidal functions. For
the step case, the response for an input of an amplitude
almost equals to 23° is shown in Fig. 19, where the
settling time is 0.09 [s] and an overshoot of 0.796° is
observed. For a sinusoidal function input, the response for
a sinusoidal of an amplitude almost equals to 6° is given
on Fig. 20. In this case, the overshoot is found to be equal
to 0°.
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Fig. 19 Sagittal rotation response for a step input equal to 23°
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Fig. 20 Sagittal rotation response for sinusoidal input with an amplitude of 5.8° and a frequency of 0.2 [rad/s]

Experimental validation of 6, is shown in Fig. 21. There
is an overshoot almost equal to 0°. These results show
clearly the experimental validity of the system response of
the new modified mechanism (Fig. 22).

5.2 Experimental Required Torque Responses

The ankle mechanism was tested to ensure that it will be
able to achieve the walking gait. Since this mechanism
is part of the underdeveloped HYDROID, walking is a
premium objective to be achieved. Therefore, an average
torque of 216 [N.m] is required for HYDROID at its sagittal
joint during the walking cycle [24]. Experimental study is
conducted using the setup shown in Fig. 17. The carried
out tests include adding known blocks of masses held by
a steel wire at the last point of the foot of the mechanism.
The resultant static torque at the joint level is calculated

Angle [degree]

-10

= = Reference Values in degrees

analytically based on the gravity effects of the payload
which include the mass of the foot m f,,; in addition to
the known mass m;,,4. Knowing the distance between the
point of fixation of the wire and the center of rotation of
the foot denoted as x;or41i0n, the torque exerted by the ankle
mechanism, denoted Tigir1q1 can be easily calculated. By
assuming that the foot center of mass is at a given distance
from the center of rotation noticed A X X, oration With (A < 1),
thus the torque can be expressed as follows: Tyugirrai =
Fioad X Xrotation and Fioaq = (Migad + A foor) X .

The HPU pressure required to achieve the needed torque
for the old ankle of HYDROID is almost 160 [bar] [24],
while for the new ankle mechanism, a value of 34 [bar]
(almost quarter of the initial one) is sufficient as can be seen
in Fig. 22. The later value demonstrates the improvement of
the performance of the enhanced version. While part of this
improvement is due to increased diameters of the pistons,

50 60 70 80 90 100

Time [s]

==Measured Values in degrees

Fig. 21 Frontal rotation response for sinusoidal input with an amplitude of 5.8° and a frequency of 0.2 [rad/s]



Torque output in the new ankle mechansim
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Fig.22 Required torque comparison and related required pressure for both ankle versions

reducing friction forces plays a key role and consequently
demonstrating the validity of the approach presented in this
paper. Moreover, for a given HPU pressure, the new version
of the ankle mechanism can produce larger torques allowing
HYDROID humanoid robot to deal with a wide range of
external perturbations.

6 Conclusion and Future Work

In this paper, an enhanced hydraulic hybrid ankle mecha-
nism was proposed. This mechanism showed a significant
change to the properties of the system as a whole, mainly in
producing larger torque at the joint levels, decreasing inter-
nal leakage and reducing friction effects. A virtual model
for the hydraulic ankle mechanism was developed using
ADAMS software in order to carry out a friction sensitivity
analysis. A new modified orientation of the piston axes as
well as a material selection have been proposed. Moreover,
the introduction of “piston guide part” tackles the piston
axes misalignment issue leading to more efficient solution.
The new mechanism was manufactured, assembled and val-
idated experimentally showing the increase of the efficiency
of the new proposed hydraulic ankle.

For further work, the first step will be the evaluation
of the dynamic performances of the ankle as part of
one complete leg. Then, dynamic walking achievement of
HYDROID humanoid robot will be addressed.
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Nomenclature

0 Angle of rotation [degree]

Qleakage Internal leakage flow rate [I/min]

o Angle of piston misalignment with respect to
cylinder center line [degrees]

AP Difference in pressure across the servo valve
[bar]

d Piston diameter in [m]

p Density of the hydraulic oil [kg/m?]

c Radial clearance [m]

v Kinematic viscosity [m? /s]

cr Coefficient of viscous friction [N.s /mm]

nr Coefficient of static friction [—]

B Bulk modulus of hydraulic oil [G Pa]

Up; Velocity of the piston i [mm/s]

vy Velocity of the piston during the transition phase
[mm/s]

Sy cross-sectional area of the hydraulic piston [1?]

Fy Friction force of static friction [N]

Fy, Total friction force which operates against the

direction of piston i movements. [N]



Ty Maximum required torque in the sagittal plane
[N.m]

X Maximum required torque in the frontal plane
[N.m]

Ty Flexion/Extenstion torque [N .m]

Ty Eversion/Inversion torque [N .m]

o Rotating angle between the two hydraulic
pistons couples around the roll axis [degree]

X4 Desired angles of rotation for the ankle [degree]

Xm Measured angles of rotation for the ankle
[degree]

L) The stroke of the hydraulic piston [mm]

SC(@) The outer diameter of the hydraulic pistons
[mm]

E@) Piston connecting point with cables [—]

AN() Air pressure outlet point from the piston [—]

Floaa Weight of the load applied on the foot [N]

Mipad Mass of the load applied on the foot [kg]

M f oot Mass of the foot [kg]

Xrotation ~ Distance between the frontal end point of the
foot with the point of rotation of the foot [m]

Trotation  Rotation torque of the foot in the frontal plane
[N.m]

g Gravitational constant [m /s2]

O Angle of rotation in the frontal plane [degree]

0y Angle of rotation in the sagittal plane [degree]

0, Angle of rotation in the vertical plane [degree]

B0 Angle of rotation of the toe of the ankle [degree]

1 Servo valve current [A]

K Static flow gain constant [mi/ ]

T Time constant of first order equation [s]

Xy Displacement of the servo valve spool [mm]

References

1. Alfayad, S., Ouezdou, F., Namoun, F.: Humanoid robot imple-
menting a ball and socket joint, US Patent 12/991,443 (2011)

. Takanobu, H., Guglielmelli, E., Tabayashi, H., Narita, S.,
Takanishi, A., Dario, P.: Remote interaction between human and
humanoid robot, IARP First International Workshop on Humanoid
and Human Friendly Robotics (1998)

. Kati¢, D., Vukobratovi¢, M.: Survey of intelligent control
techniques for humanoid robots. J. Intell. Robot. Syst. 37(2), 117-
141 (2003). https://doi.org/10.1023/A:1024172417914

. Hirai, K., Hirose, M., Haikawa, Y., Takenaka, T.: The development
of honda humanoid robot. Int. Conf. Robot. Autom. 2, 1321:1326
(1998)

. Gouaillier, D., Hugel, V., Blazevic, P, Kilner, C., Monceaux, J.,
Lafourcade, P., Marnier, B., Serre, J., Maisonnier, B.: Mechatronic
design of NAO humanoid. In: 2009 IEEE International Conference
on Robotics and Automation, p. 769:774 (2009). ISSN 1050:4729
. Ulbrich, H., Buschmann, T., Lohmeier, S.: Design and realization
of humanoid robots at AM-TUM, Proc. XII Intl. Symp., no.
Diname (2007)

10.

11.

12.

14.

15.

16.

17.

19.

20.

21.

22.

. Ogura, Y., Aikawa, H., Kazushi, S., Kondo, H., Morishima, A.,

Takanishi, H.L.A.: Development of a New Humanoid Robot
WABIAN-2, Proc. of IEEE ICRA 2006, pp. 76-81, Orlando,
Florida

. Hyon, S.H., Yoneda, T., Suewaka, D.: Lightweight hydraulic leg

to explore agile legged locomotion. In: Proceedings of IEEE/RSJ
international conference on intelligent robots and systems (IROS),
pp. 4655-4660 (2013)

. Cheng, G., Hyon, S.H., Morimoto, J., Ales, U., Colvin, G.,

Scroggin, W., Jacobsen, S.C.: A humanoid research platform
for exploring NeuroScience. In: Proceedings of the 2006 6th
IEEE-RAS International Conference on Humanoid Robots,
HUMANOIDS, vol. 21, p. 182:187 (2006)

Bentivegna, D.C., Atkeson, C.G., Kim, J.Y.: Compliant control
of a hydraulic humanoid joint. In: Proceedings of the 2007
7th IEEERAS International Conference on Humanoid Robots,
HUMANOIDS 2007, p. 483:489 (2008)

Semini, C., Tsagarakis, N.G., Guglielmino, E., Caldwell, D.G.:
Design and experimental evaluation of the hydraulically actuated
prototype leg of the HyQ robot. In: International Conference on
Intelligent Robots and Systems - IROS, p. 3640:3645 (2010)
Kuindersma, S., Deits, R., Andr, M.F., Dai, H., Permenter,
F, Pat, K., Russ, M.: Optimization-based locomotion plan-
ning, estimation and control design for the atlas humanoid
robot (2014)

. Alfayad, S., Ouezdou, F.B., Namoun, F., Bruneau, O., Hénaff, P.:

Three DOF hybrid mechanism for humanoid robotic application:
modeling, design and realization. In: 2009 IEEE/RSJ International
Conference Intelligent Robotic Systems IROS 2009, pp. 4955—
4961 (2009)

Masaru Ogata, S.H.: Study on ankle mechanisms for walking
robots. J. Robot. Mechatronics 16(1), 3201-3206 (2004)
Syrseloudis, C.E., Emiris, 1.Z.: A parallel robot for ankle
rehabilitation-evaluation and its design. In: 8th IEEE International
Conference on Biolnformatics and BioEngineering, pp. 1-6
(2008). https://doi.org/10.1109/BIBE.2008.4696826

Aggogeri, F., Pellegrini, N., Adamini, R.: Functional Design in
Rehabilitation: Modular Mechanisms for Ankle Complex, vol.
2016 (2016)

Member, S.H., Suewaka, D., Torii, Y., Oku, N., Ishida, H.:
Design and experimental evaluation of a fast torque-controlled
hydraulic humanoid robot. IEEE/ASME Trans. Mechatron., 1-8.
https://doi.org/10.1109/TMECH.2016.2628870 (2016)

. Omer, A., Ghorbani, R., Hashimoto, K., Lim, H., Takanishi, A.:

A Novel Design for Adjustable Stiffness Artificial Tendon for the
Ankle Joint of a Bipedal Robot: Modeling and Simulation, 1-22
(2015)

Narioka, K., Homma, T., Hosoda, K.: Humanlike ankle-foot com-
plex for a biped robot. In: 12th IEEE-RAS International Confer-
ence on Humanoid Robots (Humanoids 2012), vol. 2012, pp. 15—
20, Osaka (2012). https://doi.org/10.1109/HUMANOIDS.2012.66
51493

Ouezdou, F.B., Alfayad, S., Almasri, B.: Comparison of several
kinds of feet for humanoid robot. In: Proceedings of 2005 5th
IEEE-RAS International Conference on Humanoid Robots, 2005,
p. 123:128 (2005)

David, A., Chardonnet, J.R., Kheddar, A., Kaneko, K., Yokoi,
K.: Study of an external passive shock-absorbing mechanism
for walking robots. In: Humanoids 2008 - 8th IEEE-RAS
International Conference on Humanoid Robots, pp. 435-440,
Daejeon (2008). https://doi.org/10.1109/ICHR.2008.4755991
Yang, Y., Semini, C., Tsagarakis, N.G., Guglielmino, E., Caldwell,
D.G.: Leg mechanisms for hydraulically actuated robots. In:
IEEE/RSJ International Conference on Intelligent Robots and
Systems, 2009. IROS 2009, p. 4669:4675 (2009)



23. Ficanha, E.M., Rastgaar, M., Kaufman, K.R.: A two-axis cable-
driven ankle-foot mechanism. Robot. Biomimetics 1(1), 17 (2014)

24. Alfayad, S., Ouezdou, F.B., Namoun, F.: New 3-DOFs hybrid
mechanism for ankle and wrist of humanoid robot: modeling,
simulation, and experiments. J. Mech. Des. 133, 021005 (2011).
ISSN 10500472

25. Alfayad, S., Ouezdou, FB., Namoun, F, Gheng, G.: High
performance integrated electro-hydraulic actuator for robotics.
Part II: Theoretical modelling, simulation, control & comparison
with real measurements. Sens. Actuators, A 169, 124-132 (2011)

26. Aphale, S.S.: Designing Orthogonal Gough Stewart Platforms
with Robust Fault Tolerance. PhD thesis, Laramie, WY, USA.
AAI3188203 (2005)

27. Rabie, M.G.: Fluid Power Engineering. 2009, p. 420

28. Gamez-Montero, PJ., Salazar, E., Castilla, R., Freire, J.,
Khamashta, M., Codina, E.: Misalignment effects on the load
capacity of a hydraulic cylinder. Int. J. Mech. Sci. 51(2), 105:113
(2009)

29. Merritt, F., Systems, H.C., Wiley, J.: Electro-hydraulic Servo
Valve construction, Models and Use, Control (1967)

30. Faisandier, J.: Mécanismes hydrauliques et pneumatiques. Col-
lection: Technique et ingénierie, série mécanique. Paris 8 edition
(1999)

31. Tran, X.B., Hafizah, N., Yanada, H.: Modeling of dynamic friction
behaviors of hydraulic cylinders. Mechatronics 22(65), 75 (2012)

32. Ellman, A., Koivula, T.S., Vilenius, M.J.: Hydraulic cylinder seal
friction - comparison of two seal designs. In: 15th International
Conference on Fluid Sealing (1997)

A. Abdellatif He received his Master of Science degree in
Mechatronics Engineering from the Arab Academy for Science
and Technology and Maritime Transport (AASTMT), Egypt. He
contributed to this work during his stay at Laboratoire d’Ingénierie des
Systemes de Versailles (LISV). Currently he is working on his Ph.D.
thesis at the Université Paris-Saclay, France. He is a member of the
team in charge of the development of HYDROID (anthropomorphic
biped robot). His research interests include: Hydraulic Actuation,
Mechatronics and Robotics.

S. Alfayad He received his master diploma in sciences and technology
from Ecole Nationale Supérieure d’ Arts et Métiers (ENSAM-Paris) in
2005. His Ph.D. was received in Robotic development from Versailles
University (UVSQ) in 2009. Awarded of the best Ph.D. Thesis in
Robotics for year 2010 by the French CNRS. Awarded of the best
Ph.D. Thesis in Robotics for the 20 years anniversary of UVSQ. From
2009 to 2010, he was a Post-doc at UVSQ. From 2010 to 2011 he was
a Post-doc at Technische Universitat Munich (TUMS52 Germany) with
a Scholarship from the Alexander Von Humboldt foundation. In 2011,
he has been appointed as an Associate Professor in Humanoid robotic
design at Versailles University. From 2012, he holds an industrial
excellence chair about hydraulic domestication at UVSQ. He has been
an investigator in several French National projects. He is the leader of
the hydraulic activity in the Humanoid research group at LISV. He is
leading currently the team in charge of HYDROID (anthropomorphic
biped robot) development.

Arne-Christoph Hildebrandt He received his Diploma degree in
Mechanical Engineering from the Karlsruher Institut fiir Technologie,
Germany, and the Arts et Métiers ParisTech, France. He contributed to
this work during his diploma thesis at LISV. Currently he is working
on his Ph.D. thesis at the Technical University of Munich. His research
interests include biped walking, realtime control, collision avoidance
and trajectory optimization.

F.B. Ouezdou (1962) He is currently Full Professor in Robotics at the
Physics and Mechanics Department of the University of Versailles St.
Quentin en Yvelines. He is the leader of Humanoid Robotics group in
the LISV Laboratory. He received his M.S. from the Ecole Nationale
Superieure des Arts & Metiers and Ph.D. degrees from the University
of Pierre et Marie Curie (Paris 6), in 1986 and 1990, respectively.
From 1990 to 1991, he was Researcher at the University Paris 6,
and worked on the project of quadruped locomotion. From 1991 to
2004, he was Associate Professor, at the University of Versailles and
holds Position at the Department of Mechanical Engineering of the
University of Versailles. He was also the head of the Department.
Since April 2012, he is Vice President Research and Innovation
Development of the University of Versailles St. Quentin. He is
the co-inventor of 8 patents and the author of over 135 technical
publications, proceedings, editorials and books. His research interests
include Humanoid robots, Actuation, biomechanics of locomotion and
manipulation systems and biologically inspired design and control
of robotic systems. He is the co-coordinator of CNRS Research
Group dealing with Humanoid Robotics. He is involved in ROMEO
2 National Project and was the coordinator of ANR (French Research
National Agency) PHEMA and ROBIAN projects and L2I (funded
by EADS foundation) former projects. He is also involved as LISV
coordinator in several former ANR projects (ABILIS, INTERACT,
R2A2, SHARMES, SIMBIOMAN, ESTA, PERFRV2).

N. Mechbal He is an associate professor at the laboratory of Processes
and Engineering in Mechanics and Materials (PIMM - UMR CNRS -
CNAM) at the engineering school Arts et Métiers ParisTech (ENSAM)
of Paris, where he is member of the Dynamic, Systems and Control
Group (DYSCO). He received his Ph.D. degree in robotics from the
ENSAM Paris in 1999. His research interests include structural health
monitoring, robust fault detection and diagnosis, active Control and
robotics.

Yahya Zweiri He is the School Director of Research & Enterprise,
Kingston University London, UK, and he is currently visiting associate
professor in Robotics Institute, Khalifa University, UAE. He received
his PhD from King’s College London in 2003. He was involved
in defence & security research projects in the last twenty years
at Defence Science and Technology Laboratory (Dstl, Uk), King’s
College London and King Abdullah II Design and Development
Burecau (KADDB), Jordan. Dr. Zweiri’s central research focus is
interaction dynamics between unmanned systems and unknown
environments by means of deep learning, machine intelligence,
constrained optimization and advanced control. He has published over
80 refereed journal and conference papers; and filed five patents in
USA and GB in unmanned systems field.



	Development of a New Hydraulic Ankle for HYDROïD Humanoid Robot
	Abstract
	Abstract
	Introduction
	Hybrid Ankle Mechanism Description and Performance Analysis
	Mechanism Description
	Performance Analysis
	Summary of Performance Analysis for the Ankle Mechanism

	Virtual Model and Friction Analysis of the Ankle Mechanism
	Virtual Model
	Position Control
	Friction Study of Ankle Mechanism

	New Mechanism Design
	Modified Kinematic Structure
	Piston Friction Force Reduction
	Leakage and Misalignment Issues

	Experimental Results
	Experimental Joint Responses
	Experimental Required Torque Responses

	Conclusion and Future Work
	Acknowledgments
	Nomenclature
	References




