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Abstract: This paper presents the design and control of a 
novel full active powered ankle prosthesis driven by electro-
hydrostatic actuator (EHA) to improve amputee gait during 
the level-ground walking in full-time gait cycle. A 100W 
brushless DC motor driving a 0.92 cc/rev bi-directional gear 
pump serves as the power kernel. An elastic element is 
configured in series with the hydraulic cylinder. With this 
architecture, better power characteristic, ability of energy 
storage and passive compliance are obtained to revive sound 
human characteristic as much as possible. To smooth the gait 
pattern, a neuromuscular model with Hill-type muscle 
tendon structure is introduced into the control system 
scheduled by finite state machine which was designed to 
carry on different control strategy during individual gait 
phase.  

Keywords: Ankle-foot prosthesis • EHA • Simulation 

 

1 Introduction 
 

Millions of people are suffering from lower limb 
amputations worldwide, including 1.6million in China alone, 
while the number is continuously growing due to illness and 
accidental injury. Wearing prosthesis is the most effective 
way to restore basic daily activities under the current 
medical level. Conventional passive prosthesis is designed 
utilizing a series of composite materials which can storage 
and release energy during locomotion[1]. This kind of 
prosthesis duplicate the function of human tendon having 
advantages of small size and light weight, but obviously, has 
shortcoming of lacking the ability of provide motivation. 
This results in amputees with passive ankle-foot prosthesis 
having lower walking speed, more energy consumption and 
distinctly asymmetric gait pattern especially for unilateral 
transtibial amputees[2]. 

To overcome the defects of the passive prosthesis, powered 
prosthesis, putting forward by researchers a few decades ago, 
is enjoying rapid development in recent years which have the 
able to duplicate the kinematic and kinetic characteristics of 
the human body one step further [3]. 

When it comes to active or rather powered domain, power 
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to mass/volume ratio turns into the maximal limitation. 
According to research[4], the below-knee complex of a 
medium weight (75 kg) person weighs approximately 2 kg 
which meanwhile can produce up to 350 W and 140 Nm 
peak power and torque. Under current research level, it is 
arduous to match both weight and drive capability, thus 
powered ankle prostheses are significantly less commercial. 
A variety of kernels has been attempted by researchers to 
provide net power output, including pneumatic actuation[5], 
pneumatic artificial muscles [6] and series-elastic actuator 
(SEA)[7]. Electro-hydrostatic actuator is a power-by-wire 
(PBW) servo system widely used in aerospace industry 
which is appropriate for a powered ankle prosthesis due to 
its high output power to mass ratio, good controllability and 
robustness[8]. Our team had developed an ankle-foot 
prosthesis, the control strategy of which is active-passive 
hybrid to provide both positive force output during powered 
plantar flexion and damping in other passive phase to relieve 
shock load with introducing directional control valve and 
throttle valve in the circuit. However, the hydraulic system 
of the design is much complex and the mechanical structure 
of which is lack of energy storage device. Due to having 
those defects, it cannot provide adequate force output 
according to our previous experiment and the damping is not 
sufficient either due to the internal leakage of the hydraulic 
cylinder and pump. In addition, the stiffness of the prosthesis 
is not able to be conducted during the stance phase which 
play a leading role in the dynamics of walking process.  

To provide sufficient power output and duplicate the 
dynamic characteristics of sound body, this paper proposes a 
novel EHA based full-time active prosthesis. The hydraulic 
system is streamlined and an elastic element is introduced 
into to form the series elastic actuator (SEA) to change the 
energy output pattern. Furthermore, Neuromuscular model 
is introduced into the control system serving as a 
feedforward element to duplicate the nonlinear impedance 
and active power output characteristics of human ankle joint. 
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2 Ankle foot Prosthesis 

 

The EHA powered ankle prosthesis used in this study is 
an improved successor to the throttle-based MK-I tethered 
prototype developed by our group. As shown in Figure 1(a), 
the sole is designed referring to the Flex-Foot[9], a passive 
carbon fiber made structure absorbing the ground contact 
shock to the amputee while storing part of the energy like 
traditional ankle-foot prostheses do. The ankle joint is a 
simple rolling bearing-based unit joining the sole to upper 
shank structure then providing a limited range of fixed-axis 
rotation. 

To get rid of the throttling valves to avoid unnecessary 
high pressure loss, a brushless DC motor (Maxon ECi-40 
operating at 48V) and a bi-directional gear pump (VIVOLO 
XV-0R/0.98) were used to deliver hydraulic oil directly to 
either side of the ankle cylinder via a very short pipeline 
integrated inside the manifold block. According to 
simulation result, the pressure loss was signally reduced. The 
hydraulic circuit is shown in Figure 1(b), a pneumatic source 
supplies the oil tank working as an accumulator to charge the 
low-pressure side through the check valve of the loop to 
avoid cavitation. The prosthesis system will operate in full-
active mode during the whole gait cycle and a relatively 
complex low-level controller was designed to drive (or back-
drive against the flow) the motor-pump unit in stance phase 
generating desired impedance which covers both damping 
and stiffness.  

A National Instruments (NI) CompactRIO was selected as 
the control platform handling signal acquisition, overall 
control and communications for the ankle-foot prosthesis. 
The motor is controlled by an Escon 50/5 servo controller 
which is able to record the motor speed in the meantime. 
Design specifications and parameters of components can be 
seen in our previous work[10].   

There is a series spring configured in series with the 
cylinder. We combine the EHA system and the series spring 
to form the Series-Elastic Actuator (SEA). The combination 
of actuators and springs is a biological substitute for muscle 
and Achilles tendon respectively. The SEA provides force 
control by controlling the extent to which the series spring is 
compressed. Using pressure sensors configured on each port 
of hydraulic cylinder, we get the force output by multiply the 
pressure difference and the cylinder area. The design of the 
spring parameters will be developed in the following chapter. 

 
Figure 1 (a) CAD mechanical structure, (b) hydraulic schematic 
diagram. 
 

3 Series Spring 
 

According to the biomechanics, the dynamics of the ankle 
are mainly nonlinear elastic characteristics during the 
controlled dorsiflexion which has the proportion of time in 
stance phase[11]. During the controlled dorsiflexion(CD) 
phase, some of the gravitational potential energy is stored in 
the Achilles tendon and released during the powered 
plantarflexion(PP) phase, reducing the burden on the 
muscle's force output. Obviously, with the same joint torque, 
lower stiffness allows the spring to store more energy. 
Nevertheless, too low stiffness will result in insufficient 
force bandwidth, a widely accepted measure of an actuator’s 
ability to achieve a desired performance[12], thus cannot 
meet the needs of amputees to walk at a specific speed. 
Research[13]had pointed out that, the goal of the force 
bandwidth is 2-4 Hz at 50-140 Nm torque during human 
level-ground walking.  

Table 1 Main parameters for calculating the force bandwidth 

Symbol Specification Value 

ω0 Motor maximum speed 5000rpm 

D Pump displacement 0.92 cm3/rev  

Cic Cylinder Internal 
Leakage Coefficient  

2x10-12m3/(Pa·s)  
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Cip pump Internal Leakage 

Coefficient  

1.46x10m3/(Pa·s)  

Km Motor velocity-torque 
coefficient 

1160rpm/Nm 

Kf Pump Pressure-based 
Friction Coefficient  

1.07x10-3Nm/bar  

A Cylinder Working Area  6.5cm2 

To determine the spring stiffness by force bandwidth 
requirement, the EHA model is analyzed. Firstly, the motor 
is not an ideal torque source. The torque output of the motor 
decreases with the increase of the motor speed due to the 
influence of the back electromotive force. The motor speed 
can be described as (1): 

 

0( ) ( )
m f

s K T s   (1) 

 

where 0   is the maximum speed of the motor, m
K  is the 

velocity-torque coefficient, f
T is the load torque. 

Because the motor and gear pump are directly connected 
through the coupling, the gear pump load torque is the motor 
by the load torque. The load of gear pump is given by 
Formula (2), while (3) is the force equation of the hydraulic 
cylinder. 
 

( ) ( )( )
f f

T s p s D K  (2) 
( ) ( )

L
F s p s A  (3) 
 

Where p is the pressure difference across the pump; D is 
the pump displacement; f

k  is pressure-based friction 

coefficient; L
F  is the load of hydraulic cylinder; A is the 

working area of the cylinder. 
Because the hydraulic cylinder volume is small and the 
working pressure is low, the change of the liquid volume due 
to the pressure is ignored. 
 

( ) ( ) ( ) ( )
ic ip

D s C C p s As x s   (4) 
 

Where ic
C  is the cylinder leakage coefficient, ip

C  is the 
pump leakage coefficient, x is the displacement of cylinder 
piston.  

According to the force equation of the spring (5), we get the 
force output of the cylinder under motor saturation (6)  

 

( )
L s

F k x s   (5) 

0

2 ( ( ) )

s

L

s m f ic ip

k A D
F

A s k k D D k C C
  (6) 

 

In the same way, we can get the maximum output (7) of the 
hydraulic cylinder in the saturation of the motor, with 
considering the leakage and friction of hydraulic element. 
Finally, we have the normalized bandwidth equation (8). 
 

0

( )
sat

m f ic ip

A D
F

k D D k C C
  (7)  

2

1

1
( ( ) )

l

sat

s m f ic ip

F

F A
s

k k D D k C C

  (8) 

 
Through the above analysis and calculation, we had got that 
the stiffness of 2000KN/m is a relatively appropriate 
stiffness value. The result is shown in the Figure 2, the 
bandwidth of which is about 9.9HZ at 110Nm torque output. 

 
Figure 2 The force bandwidth of when maximum output force 
drops below the peak force required.  

 

To save space and not attach too much extra weight and 
guarantee the power density of the prosthetic system, this 
paper selects the cantilever structure to design a spring as 
shown in Figure 3. The design adopts the cantilever beam 
with rectangular cross section, the stiffness of which is 
determined by the deflection formula (9). 
 

2

3 3

3

4

s

sp

s s

Eh wEI
K

l l
  (9) 

 

4 Simulation model 
Before clinical evaluation, a simulation experiment is carried 
out in Matlab/Simulink to verify its feasibility. The spring 
part was not added in the previous model of prosthetic 
ankle[10], while it was added in the simulation of this paper. 
Meanwhile, pressure loss is ignored, for the hydraulic circuit  
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Figure 3 The Simulink model of the ankle-foot prosthesis. 
 

are greatly simplified compared with the those in MK-I. The 
simulation block diagram is shown in Figure 4. 
 

What we desire is an arm exoskeleton which is capable of 
following motions of the human upper-limb accurately and 
supplying the human upper-limb with proper force feedback 
if needed. In order to achieve an ideal controlling 
performance, we have to examine the structure of the human 
upper-limb. 

 
Figure 4 (a)The CAD structure of the spring, (b) Mechanical 
schematic diagram of the cantilever beam. 
 

5 Control System 
The design concept of the control system is restoring the 
dynamic characteristics of a sound ankle in level ground 
walking and small gradient adaption, in a word, constructing 
a real-time relationship between ankle angle measured and 
ankle torque produced by the prosthesis. As aforementioned, 
the controller designed is able to determine the 
corresponding torque using feedforward with neuromuscular 
model as kernel, in which, a single degree of freedom (DOF) 
hinge is used to represent human ankle joint. A Hill type 
muscle-tendon structure (MTS) is attached between the heel 
and upper shank in the model like the soleus and Achilles 
tendon in an intact human lower limb. During early stance 
and swing phase, the MTS will stay slack and won’t produce 
negative force, therefore, a spring-damper based dorsiflexor 
rather than a second MTS is introduced for simplicity. A 
finite-state machine (FSM) is used as high-level controller to 
estimate the gait phase of the amputee on the basis of sensor 
signals. These two virtual actuators work in alterable mode 
in each individual gait phase and the output torque command 
of the feedforward model is a combination of their respective 
torque contribution. Since the EHA is force controllable[14], 
the physical torque at the ankle joint produced by the 

prosthesis will follow the command torque. Neuromuscular 
model is a Hill-type MTS with positive force reflex scheme, 
which is of the most importance in the control system since 
it is the base of the non-linear impedance characteristics. The 
MTS consists of two major parts: an active element called 
contractile element (CE) models the muscular tissue and a 
series element (SE) models the tendon. More specifically, 
the CE consists of three components: A Hill-type muscle and 
a high-limit parallel elasticities models the connective tissue 
that surrounds the CE[15]. The unidirectional force 
generated by the CE is a function of the CE length lCE, 
velocity vCE and active state A[16]. 
The resulting force FCE, referring[17], can be described by 

 

max( , , ) ( ) ( )
CE CE CE L CE v CE

F l v A F f l f v A  (10)  

 

  The SE can be simply characterized by a non-linear 
elastic force–length relationship (van Ingen Schenau,1984) 
described by  

 
2

max ( / ) ,     0
( )

0,                         0

ref

SE

F
F   (11) 

 

Where ε is tendon strain defined by ( ) /
SE slack slack

l l l  , 
lslack is the SE’s rest length and εref is the reference strain 
obtained by FSE(εref) = Fmax.  

Since the CE and SE are in series, ignoring the effect of their 
negligible mass, they have equal force defined as FMTS. 
Combining the equations aforementioned, the FMTS can be 
uniquely determined for a specific given MTS length lMTS(t) 
and real-time active state A(t).  

As aforementioned, the synergy as well as the working mode 
of the two virtual actuators are controlled by a finite-state 
machine based decisive controller. A gait cycle is divided 
into three phases based on the variational environment 
interaction of the prosthesis: early stance (controlled 
dorsiflexion), late stance and swing. The detection and 
switch between phases are triggered by the decisive 
controller as shown in Figure 5.  

 
Figure 5 Block diagram of state machine with transition thresholds. 
 

In addition, the torque command is multiplied by a gain 
coefficient Kc to compensate the attenuation in force margin 
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of the prosthesis before sent into the force controller. 
Combining the feedforward model, the compensation gain 

and the force controller, the architecture of the control 
system is shown in Figure 6.  

 
Figure 6 The control system of the powered ankle-foot prosthesis. 
 

6 Results And Discussion 

The simulation experiment model consists of the two parts 
mentioned above. The presampled biological ankle torque 
from[10]is adopted as the input of the ankle prosthesis 
system model simulating the interaction among the upper-
limb, the prosthesis and the ground in form of moment. The  

simulation result of ankle angle is shown in Figure 7 with 
matched groups, where dotted line refers to the angular 
displacement of the actuator, dashed line refers to the angular 
displacement of the ankle prosthesis and the solid line is the 
angle profile of sound body. Due to the introduction of the 
spring, the actual dorsiflexion angle of the actuator is 
reduced by about 5 degrees, which significantly reduced the 
velocity of the actuator during the power plantarflexion 
phase. And this result in a 35w drop in peak power, as shown 
in Figure 8 where dotted line refers to the ankle power output 
without elastic element, full line refers to ones with spring. 

 
Figure 7 Ankle angle with matched groups of a pre-sampled 
biological ankle angle profile and the angular displacement of 
actuator.  

7 Conclusions 

According to the simulation result, the novel design of EHA 
is able to duplicate the dynamic characteristics of sound 

human body during level walking. Comparing to the design 
without elastic element, prosthesis with SEA can change the 
displacement of actuator, and reduce the required flow rate 
significantly, which can reduce the peak power produced by 
the motor. To ensure that the ability of power output isn't 
affected by the plastic element, evaluation of the force 
bandwidth is needed. The actual situation may be different 
from the simulation result, while adjust may need when 
constructing the prototype.  
 

The future work will continue focus on optimizing the drive 
system. Hugh Her and his team proposed an optimization 
method for motor driven lowerlimb prosthesis combining 
motor selection, transmission ratio optimization, and spring 
design, so as to improve the performance of the prosthesis 
system in terms of energy consumption[12].Similarly, our 
team will explore specific optimization schemes for EHA-
based ankle-foot prosthesis. 

 
Figure 8 Ankle power output comparison.   
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Figures

Figure 1

(a) CAD mechanical structure, (b) hydraulic schematic diagram.



Figure 2

The force bandwidth of when maximum output force drops below the peak force required.



Figure 3

The Simulink model of the ankle-foot prosthesis.

Figure 4

(a)The CAD structure of the spring, (b) Mechanical schematic diagram of the cantilever beam.



Figure 5

Block diagram of state machine with transition thresholds.

Figure 6

The control system of the powered ankle-foot prosthesis.



Figure 7

Ankle angle with matched groups of a pre-sampled biological ankle angle pro�le and the angular
displacement of actuator.



Figure 8

Ankle power output comparison.


