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Analysis, Development and Evaluation of Electro-Hydrostéc
Technology for Lower Limb Prostheses Applications*

Federico Tessarf, Renato Galluz2i Andrea Tonof, Nicola Amatt, Matteo Laffranchi
and Lorenzo De Michiefi

Abstract— This paper presents electro-hydrostatic actuation —during foot push-off and lift [12]. Kaminaget al. have dealt
as a valid substitute of electro-mechanical devices for pasved  with knee [13] and ankle-knee joint systems and their cdntro
knee prostheses. The work covers the design of a test rig [14]. Fanget al. designed a EHA-based ankle prosthesis

exploiting linear electro-hydrostatic actuation. Typicd control Lo . . . -
laws for prosthesis actuators are discussed, implementedhd showing its high power density and its capability to smopthl

validated experimentally. Particularly, this work focuses on interchange passive and active operations [15]. Recently,
position and admittance control syntheses enhanced with éel-  Lee et al. modeled and implemented a polycentric knee
forward friction compensation. Finally, the efficiency of the  exoskeleton using electro-hydrostatic actuation higttiiay

test rig is characterized experimentally and compared to tat 1o petter efficiency and its higher power-to-weight ratio
of classical electro-mechanical designs. It is demonstred that d to elect hanical actuati 16

the electro-hydrostatic prototype is able to fulfill its targets CcOMPared to electro-mechanical actuation [16]. _
from a control perspective, while also having the potentialto Although several works addressed the control of prosthetic

outperform electro-mechanical actuation in efficiency. and orthotic devices [17]-[19], EHA devices have been par-
I ndex Terms—electro_—hydrostatic actuator, pl’osthesis, knee, Ua”y addressed from a control perspective. The protmype
control, admittance, active that appear in literature arise as a proof of concept, withou
giving details about the control laws that govern them.
_ ] __Hence, it is the aim of this paper to present a simple and
Robotic actuation systems have shown substantial ifgjiable configuration of EHA system for a knee prosthesis
provements recently in terms of performance and compacfayice, that serves as a test rig for the implementation of
ness. Biorobotics, in partlcullar, has follqwed this trend f.different control strategies typical for prosthetic desdn
the development of fully-active prosthetic systems. Irs thiyhe four quadrants of the force-speed plane. To this end, we
context, most of the solutions available in literature ang,st present the test rig architecture and main parameters.
commerce are of electro-mechanical type: they exploit @hen we discuss position control, admittance control and
purely mechanical conversion mechanism, thus leading {@ed-forward friction compensation. These techniques are
complex, bulky and cost-ineffective transmission systis  gemonstrated experimentally using the EHA test rig. Fipall

[2]. ] ] the efficiency performance of the studied test rig is comghare
Electro-Hydrostatic Actuation (EHA) stands as an altergy 4 electro-mechanical alternative to highlight the pete
native to electro-mechanical systems. It combines a I|neﬂ5”ty of EHA.

or rotary hydraulic actuator coupled to a fixed-displaceimen
pump by means of a two-line closed circuit. The addition
of an electric machine to the input shaft of the pump yields
a device with high degree of controllability. Moreover, the To conduct this research, a test rig was designed by
resulting system is intrinsically reversible, as it can kvor targeting the functionality of a powered knee prosthetic
both in active and damping quadrants. device. This system is presented in Fig. 1.
EHA systems have been proposed as actuators and/om top-down approach was followed to size this system,
dampers in aerospace [3], [4], automotive [5], [6] and indusstarting from the kinematic constraints of the applicatowl
trial scenarios [7]. In biorobotics, EHA was initially proged  ending on the electric machine selection.
as a viable technology for robotic hands in miniature scale From a biomechanical perspective, the device is character-
[8]-[10]. Kaminagaet al. also proposed an EHA system asijzed by angular range of motion, angular speed and torque
a lower-limb power assistive device [11]. at the level of the knee joint. We based our selection on
EHA architectures have also been proposed for ankle amie work by Boviet al. [20], which yields useful gait cycle
knee prostheses and orthoses. Tian€efual. demonstrated profiles for the knee in terms of angular trajectory, torque
that EHA provides sufficient power for an ankle prosthesiand power. Fig. 2 shows these trajectories in level walking
*This work has been funded by INAIL/Rehab Technologies Lrabary condition, Where. the kn.ee f"mg“'ar speed was computed by
in the ltalian Institute of Technology. means of numerical derivation.
1Department of Mechanical and Aerospace Engineering, eRoiito Their data is useful to demonstrate that the knee works

of Torino, Corso Duca degli Abruzzi, 24, 10129 Torino TO,Wfa mainly as a damper during level walking. This feature opens
federico.tessari @olito.it

2Rehab Technologies, ltalian Institute of Technology, Viarkto, 30, up the pOSSIblllty of |mplement|ng power-orle_zn_ted control
16163 Genova GE, ltaly laws to increase the autonomy of a powered joint.

I. INTRODUCTION

Il. TEST RIG DESIGN



Fig. 1. EHA prototype: (a) electric motor, (b) external ggamp, (c)
hydraulic cylinder, (d) knee joint, (e) thigh-connectd), ghin/pylon.
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values were selected to guarantee the required ROM without
Fig. 2.  Level walking knee biomechanical requirements.idcsthes ~€xceeding anthropometric dimensions of lower limbs [22],

represent average trends, whereas dashed ones denotdlityanethin a [23]_
standard deviation.
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The selected kinematic layout led to an EHA with a useful
stroke x = 60mm, maximum required forcBnax = 1.2kN

For the present application, the actuator sizing was bas@fd speed pMax= 0.2m/s.
on level walking requirements to favor compactness. Power To guarante&max While accounting for mechanical losses,
values were quantified in the range§9.25+-20.25W for a 3 safety factoS= 2 was applied to this value. The hydraulic
patient of 75kg, where the positive sign implies mechanicgjiston was designed and custom-built as a double-rod end
active power delivered by the prototype. From an actuatioflevice to guarantee symmetry in both directions. The cross
perspective, this range is obtained by applying torque angéction was selected to limit the actuator pressure drop to
angular speed at the knee joint withinl0.50-+-31.50Nm  Ap....= 60bar:
and —51.53+62.31rpm, respectively. To guarantee useful SE
operation in a wide variety of activities, a range of motion Ap= AD &~ 3 78cnf (2)
of 110° was chosen [21]. Pmax

A linear EHA solution was preferred over rotary variants, The hydraulic cylinder ports are directly connected to
as it distributes the actuator mass along the leg main axigose of hydraulic pump. Assuming ideal efficiency, the
unlike rotary actuators. Moreover, a linear actuation dkier pump disp|acement was selected to bound its angu|ar speed
knee joint generates an angle-dependent transmissian ratt ¢y, = 6krpm. This allows a safe, cavitation-free oper-
This non-linearity can be exploited to accommodate walkingtion, while also preserving the mechanical components of
conditions. In fact, during the gait cycle, two oppositeghe electric machine.
conditions are present, i.e. stance (high torque requast) a AVinax
swing (high speed request). D = 1%

A sketch of the linear kinematics actuation can be found o
in Fig. 3, wheref, represents the knee angle of rotatibn, = Thus, a Bucher APR05/0.75 external-gear reversible pump
the perpendicular lever arm amdhe piston stroke. was selected for the task. The hydraulic cylinder and pump

=~ 0.75cn?/rev (3)
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Speed [m/s] digital signal processing unit. Figure 5 illustrates th@ex
imental setup.
Fig. 4. Level walking knee biomechanical requirements esped in We present two main strategies that are knee position
the hydraulic actuator force-speed plane (dashed) and léiwérie motor ¢, ntro] and admittance control. These strategies arergpi
torque-angular speed plane (solid). Unitary efficiency assidered. The . .
progression over the gait cycle is represented by the arrows by Lawsonet al. previous works that analyzed gait in pow-
ered lower limb prosthetic devices [18], [19]. They showed

that impedance-admittance-based controllers can enhance

choices lead to a transmission defined by the ratio gait coordination and natural walking, while decreasing th
D number of control parameters.
== 1.98mmyrev (4) Moreover, an additional subsection will describe a feed-
p

forward control law that aims at minimizing the effects of
which, in ideal conditions, yields a direct relationship- befriction.

tween the output force/speed and the input torque/angular N
speed at the level of the electric motor: A. Knee Position Control
Toax  Ghnax Position control, or position tracking, consists in the
= = (5)  capability of a given plant/system to follow a specific tra-
] ] __jectory. In the case of prosthetic and orthotic devicessehe
From (5), the maximum torque for the electric machine iggjectories are typically extracted from biomechanicatad
defined as Position control is required for a correct implementation
Trax= TSFnax= 0.76 Nm (6) of the admittance controller. Moreover, it is analyzed to
demonstrate the capability of the actuation to reproduee th
For this purpose, a Maxon EC-i 40 brushless DC motdnee joint trajectories in different gait conditions. Taewe
was selected. Although the motor is able to yiel@lINm  fed to the position control loop referenék,, as presented
in continuous operation, transient bursts up tB6Nm are jn Figure 6.
available for ten seconds, if required. The position control loop implements a parallel Pl con-
Figure 4 resumes the four quadrants biomechanical rgoller. Proportional and integral gains were tuned to gnar
quirements of knee during level walking in two differentiee most favorable reference tracking for the tested psofile
planes: the hydraulic cylinder force-speed one and the elethe position control loop execution frequency was set to

tric motor torque-angular speed one. The chart assumgs— 2kHz, i.e. one decade smaller than the current loop.
unitary efficiency and confirms how the knee during level

walking works mainly as brake-damper, since its force-dped- Admittance Control
trajectory lays in the Il and IV quadrants. Admittance and impedance controls are used in either
service or industrial robotics, particularly when therdhs
need of interacting with the environment. For example, an
The developed EHA was then used to implement a set afimittance controller establishes a desired dynamic bahav
different control strategies to demonstrate the validityhis ~ (stiffness, damping, inertia) to the prosthetic deviceisTh
type of actuation for a powered knee prosthetic device. type of control is mandatory for appropriate interactiomnhef
The actuation was equipped with an analog encoder andpbeosthesis with the user and the environment. The controlle
torque transducer at the knee joint level to measure both tkempares the desired trajectofl, with the one computed
knee angular position and its torque. Moreover, the ekectrirom the dynamic model. This yields the angular position

B SFnax  Vmax

IIl. CONTROL



referencef,, that feeds the position control. In turn, the
position loop sets the current referenigg for the motor
control algorithm (see Figure 6).

i

EHA Plant

(Motor Control) —|

Controller

Ber = Bk + Bayn )
Tk
(8)
Jkdessz + Bkdess+ kkdes
In this specific application, the EHA was configured toFig. 6. High-level control strategy including: admittancentrol (outer
simulate a visco-elastic system. Hence, we assulnjgd: 0 loop), position control (inner loop) and feed-forward fioem compensation.
. , ]
and analyzed the behavior of the actuator while varying tr

Desired
Active
Dynamics TAm

edyn

6dyn =

desired stiffnes, . and viscous damping,... g °
1) Spring-Damper BehaviorA visco-elastic system can b
be considered as a parallel combination of a spring ar 8 -sor
damper. In such system, the required desired dynamics ¢ ~ 20 20 60 80 100
expressed by Eq. (9). _ Gait Cycle [%]
Tkm %—20- I
edyn— Bkdess + kkdes ) §-4o
A discrete version of this transfer function was obtainer < _600- 0 0 o %0 -100
by means of Tustin’s approximation, which sets Gait Cycle [%)]
s=2ti w0 ¢ O\——\\!’/
1421 Z 50 1
Combining Eqgs. 9 and 10 yields é , , , .

=
o
(=)

20 40 60 80 100
Gait Cycle [%]

o

Tkm(1+ Zfl)

yn — 2f) + z 14+ 2f) + Fig. 7.  Experimental position control with different kneejéctories:
( Bkdes( s) kkdes) (Bkdes( s) kkdes) level walking (top), step ascending (middle), step desicgngbottom).

(11) Continuous lines represent the reference signals whilesesothe measured

_Bkdes(Zfs) + kkdes values.

Tin (K) + Tik—1)

Byyn(k) = ————"—= — Bgyn(k— 1)
" Bkdes(Zfs) + kkdes n Bkdes(Zfs) + kkdes
(12) order to mitigate the friction as much as possible while also
C. Feed-Forward Friction Compensation avoiding the excessive injection of current.
Feed-forward control strategies are often implemented to IV. EXPERIMENTAL RESULTS

compensate the presence of disturbances in a control IoRp
system. Specifically, in the developed test rig EHA, thé~
hydrau"c Cy“nder presented standard gasket seals V\gh hi The pOSition control |00p tests evaluated the Capablllty of
stiction and stick-slip effect. Gasket seals are also pteme the EHA to reproduce the following gait conditions: level
the shaft of the gear pump to avoid oil leakages, thus furth#@lking (LW), step ascending (SA) and step descending
worsening friction nonlinearity. (SD). The trajectories were extracted from [20] and they
These features motivate the introduction of a feed-forwaréPnstitute typical gait profiles. The obtained results are

compensation terni, to the reference signal that feeds thePresented in Figure 7. _ _ _
electric machine current loop. This term attempts to com- The system is able to reproduce all the given trajectories

pensate the disturbande introduced by the aforementionedWith acceptable tracking error. Specifically the root-mean
effects. The control scheme block diagram is then presentéguared errors between the reference trajectory and the ob-
in Fig. 6. tained ones are, respectiveRMSEw = £1.5°, RMSEa=

In literature several works investigated friction modglin +2.8°, RMSksp = +3.4°.

anq its feed-forward compensation [24], [25]: In this workB' Visco-Elastic Admittance Control
a simple strategy governed by Eq. (13) was implemented

Knee Position Control

The admittance control experiments aim at validating the
. — EHA capability of reproducing visco-elastic behavior. For
ic =Ky -sign 13
¢ £ (ek) (13) this purpose, two different set of tests were performed.
Equation (13) relates the compensation curigrto the A first attempt demonstrates the ability of the system to
sign of the angular speed of the knég by means of the reproduce different elastic behaviors. The viscous dagipin
coefficientKs. This coefficient needs to be properly tuned invas kept constant and very lovBg = 6- 10~*Nms/rad)
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in order to enhance the stiffness characteristic. Ther;, f
different values otk . were applied. In a second set, tes
were performed by imposing four different damping valu
Bee While keeping a relatively low stiffness vallg, =
4.58Nm/rad. 1071

According to the control strategy presented in Fig. 6,
nominal positiond, = 0° was kept. Figures 8 and 9 prese
the obtained results.

In particular, Fig. 8 shows that the system can reprodi
the desired stiffness target in all cases. However, altho
a feed-forward compensation was implemented to mitig
stiction and stick-slip effects, the presence of this pt
nomenon is still noticeable by the offset of the torque-an
characteristics with respect to the vertical axis. 0

Figure 9 highlights the viscous behavior; it shows that 0 10 20 30
increase in the damping value produces a larger hystercss Angular Speed [rpm]
behavior in the torque-angle plot. Also in this case, thelfee Fig. 10. EHA transmission experimental efficiency. The ddstorque-
forward friction compensation could not completely mitiga angular speed points at the load (dot) were numericallyrpotated to
the actuator stick-slip effect, which can be observed by thgoduce a color map.
increasing square shape of the torque-angle charaateristi

These results are in agreement with the expectations since

the developed EHA is sub-optimal, not only in terms ofrage efficiencies of 32% (atTq = 15Nm, w, = 30rpm) and
integration, but also regarding performances (see Sebition 1889, respectively, within the tested torque-speed range.

C). More favorable results are expected with an optimized ¢ efficiency of an electro-mechanical actuation has been

and integrated custom electro-hydrostatic actuator. computed to provide a direct comparison with the developed
C. Efficiency Mapping EHA. This alternative system would combine the same
at”ushless motor with a harmonic drive targeting the same

A test campaign was performed to measure the over ratio 7,y This system would lead to an efficiency (based on
transmission efficiency of the system, i.e. the ratio betwee Ve y y

. i ~ 970 i ;
output mechanical powd?,; and input electrical powdry: datasheet information) ofem ~ 27% in the same working

Torque [Nm]
efficiency [%]

condition.
— @ — M (14) As previously indicated, the rig used in these tests is not
Fn  Vbus' lbus optimized both in terms of performance and size. However,

A position control loop has been implemented, while, byts peak efficiency is comparable but slightly higher than
means of an electric motor coupled to a harmonic drive, state-of-the-art electro-mechanical systems designdtl wi
dynamic load was imposed to the EHA. classical approaches. Moreover, this does not represent a

The experimental and simulated efficiency maps are preefinitive result, but a useful evaluation that highlighte t
sented in Fig. 10. The prototype presents maximum and akiigh potential of EHA solutions.



V. CONCLUSIONS [9]

This paper presented the analysis, design and experimental
evaluation of a test rig electro-hydrostatic actuator (BEHA
for a powered knee prosthetic device. The design inpt[llto]
requirements came from biomechanical and anthropometric
data available in literature. Following this initial regeiinents
analysis phase, this work proposes an intuitive actuatfyll
components’ selection: hydraulic cylinder, pump and eilect
motor. The test rig was assembled using off-the-shelf cempo
nents. Then, the work focused on control strategies fovecti

. . O : . [12]
lower limb devices and their implementation. In particular
the authors presented the design of a visco-elastic adroéta
controller. Three different test sets have been performed.
The first one demonstrated the capability of the developqgs]
EHA to precisely reproduce biomechanical knee trajecsorie
in three conditions: level walking, step ascending and step
descending. The second one analyzed the proposed adth
tance control strategy by imposing a visco-elastic dynamic
to the EHA. Different stiffness and damping values have
been imposed and experimentally validated. Finally, a last
test campaign focused in evaluating the actuator perfocman(is]
in terms of actuation efficiency.

The prototype was assembled with non-optimized and
non-integrated off-the-shelf components that introduced
friction-related issues. Despite these drawbacks, thairmdd  [16]
results represent a promising starting point for powereatto
limb prostheses. In fact, the developed EHA demonstrated tor)
be a more suitable solution compared to classical electro-
mechanical actuation thanks to its competitive efficiency
performance and good controllability. [18]

Further developments will involve the design of a fully
custom integrated and optimized EHA to overcome thﬁg]
presented issues and to move from test rig analysis to on-
filed validation.
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