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ABSTRACT This work proposes a novel partially powered knee prosthesis to give full support to swing
related activities. It represents a technological step forward when compared to microprocessor-controlled
knees. The device is based on the electro-hydrostatic actuation principle, combined with the use of a series
rotary valve to aid during dissipative phases. Another key feature is the backdrivability enabled by a directly
coupled fluid-based actuation principle. To this end, we present a compact design that is subsequently built
and tested experimentally with an able-body adapter to simulate a real-case scenario of level walking and
stair tasks. Results are compared with the features of existing commercial and research devices. To the best
of the authors’ knowledge, the proposed prosthesis is the most compact electro-hydrostatic swing assistive
device with the potential to improve the walking gait, for instance by increasing toe clearance and likely
reducing the occurrence of stumbling or falling events. Additionally, the prototype enables stair ascent in a
step-over fashion, a capability generally unattainable with commercial microprocessor-controlled knees.

INDEX TERMS Amputation, electro-hydrostatic actuation, knee prosthesis, mechatronics.

I. INTRODUCTION
The ability to perform various types of gait and locomotion
patterns is an essential characteristic for a healthy and
functional life. Two of the most common gaits, walking
and climbing stairs, are characterized by distinct phases:
a standing phase and a swinging phase. During the stance
phase, the limb remains in contact with the ground and is
progressively loaded with the subject’s weight. The limb is
responsible for propelling the body toward desired goals,
such as moving forward during walking or forward and
upward during stair climbing. In contrast, the swing phase is
the portion of gait during which the limb is not in contact with
the ground. Each individual exploits a controlled ballistic
movement to prepare the leg for the following contact [1]. The

The associate editor coordinating the review of this manuscript and
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cyclic alternation of these phases generates the locomotion
pattern [2].

For individuals with amputation, particularly those with
a transfemoral amputation, restoring functional gait using
prosthetics is a crucial and complex challenge [3], [4], [5].
From amechanical perspective, a prosthesis must achieve two
contrasting goals. During stance, it needs to generate high
braking and active torques at relatively low speeds. During
swing, it should operate at higher speeds, produce small
torques, and exhibit low impedance, making it highly back-
drivable. In terms of locomotion, the goal is to improve the
quality of life of amputees. One approach to achieve this goal
is to enable individuals with amputation to maintain as much
‘agency’ as possible over the device. Agency refers to the
user’s ability to directly influence the prosthesis’ behavior.

To address these challenges, three categories of knee
prostheses have been developed for transfemoral amputees:
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passive, fully powered, and semi-active. Passive devices
typically use hydraulic dampers with fixed characteristics [6],
[7]. Greater adaptability can be achieved by incorporating
electronic valves in the so-called microprocessor knees
(MPKs), allowing variable, passive impedance to support
diverse activities. Low impedance is suitable for swing
activities, whereas descending activities, such as sitting
down, require high damping torques [8], [9].
A major limitation of MPKs is their inability to exert

positive power at the knee joint. This capability is crucial
when the forward natural dynamics are insufficient to drive
the prosthesis, such as during slow walking, stair climbing,
or when attempting to increase foot clearance to avoid an
obstacle. Although reducing internal friction in MPKs could
address this issue, activities like climbing stairs or standing
up demand significant power, which cannot be provided
passively. Given this limitation, prosthetic users usually
employ unnatural movements, such as lifting their affected
hip [10]. These unnatural compensation mechanisms are
detrimental to individuals, as they often lead to comorbidities,
such as low back pain and osteoarthritis on the non-affected
side [11].

The state of the art proposes fully powered devices to
overcome these limitations [12], [13], [14], [15], [16], [17],
[18], [19], [20]. They use actuation units to replace passive
valves, typically involving an electric motor and a suitable
transmission. The motor size and transmission ratio can be
chosen to achieve the required output force in a compact, self-
contained package. They are typically designed to replicate
the full spectrum of locomotion activities and have been used
to improve power-draining tasks [21], [22], [23], [24], [25].
These studies have concluded that providing active power is
essential to create a more biomimetic movement.

Although beneficial for some locomotion tasks, fully
powered systems may suffer from poor backdrivability and
a substantial reflected inertia. The former is typically caused
bymechanical friction, particularly in the transmission, while
the latter results from the high transmission ratios needed to
meet the active torque demands during the stance propulsion
phase.

To overcome the limitations of both fully-powered and
passive devices, semi-active knee prostheses have been
proposed [26], [27], [28], [29], [30]. These devices aim to
strike a balance between functionality and usability. They
typically use contained actuating units with low transmission
ratios, which inherently enhance backdrivability and reduce
coupled inertia. This improves the range of low-impedance
dynamics the prosthesis can provide, potentially promoting a
more natural swing motion during gait. Nevertheless, these
improvements often imply a lower maximum output torque,
limiting the assistance during the propelling phases of gait.
Within this category, most systems exploit electromechanical
actuation, typically using electric motors, coupled with
transmission systems such as planetary gears or harmonic
drives for rotary actuation, or ball and lead screws for

linear actuation. These actuators are often paired with
passive, controllable hydraulic systems, such as dampers and
hydraulic valves. Actuators and dampers can be either rigidly
coupled or clutched to the artificial knee joint.

While electromechanical systems have shown potential in
the most relevant locomotion activities [31], [32], [33], [34],
they may be limited by the drawbacks of pure electromechan-
ical transmissions, including friction, noise and vibrations.
Electro-hydrostatic actuation offers a potential alternative
to electro-mechanical systems by replacing the mechanical
transmission with a hydraulic one, such as a pump. This
approach can overcome the limitations of electromechanical
systems. Hydraulic-powered prostheses have been proposed
for the ankle joint [35], [36], and similar concepts are being
explored at the knee level [16], [30].
Our group has led the development of an electro-

hydrostatic semi-active knee prosthesis, combining an elec-
tric motor with a gerotor pump, a linear hydraulic cylinder,
and a flow-control valve. In previous works [37], [38], [39],
we presented detailed modeling and design strategies aimed
at maximizing system integration, enhancing backdrivability,
reducing noise and weight, while providing sufficient active
support to improve swing capabilities and offer partial
support during stance phases. More recently, we presented
a study detailing the design, manufacturing, and benchtop
testing of the prosthesis components [40].
In this work, we present the fully integrated version of

the electro-hydrostatic knee prosthesis and demonstrate its
potential as a competitive alternative to electro-mechanical
solutions for assisting gait in transfemoral amputees. This
paper showcases how dedicated design methodologies, cus-
tom manufacturing solutions, and tailored control strategies
can result in a compact, lightweight, and backdrivable device
to assist knee flexion during swing phases of multiple gait
activities. The prosthesis performance is evaluated on an able-
bodied subject to simulate a near-real application scenario.

II. REQUIREMENTS
In this section, we summarize the main biomechanical
and mechatronic requirements that a swing assistive knee
prosthesis should fulfill.

A. BIOMECHANICS
Considering an adult male subject from the 50th statistical
percentile with a body mass of 75 kg, the target mass
of the prosthesis is set to mp ≤ 3.5 kg i.e., 4.7% of
the subject’s mass. Although the knee is intrinsically a
constrained spherical joint, a linear actuation mechanism
is adopted, as it allows more uniform mass and volume
distribution along the patient’s body. Linear motion will be
then converted to a suitable rotation at the knee joint using
an inverted slider-crank mechanism, with a maximum range
of motion of 110◦ to enable tasks like kneeling or sitting
down [41].
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B. POWER
To quantify energy consumption, healthy subject measure-
ments were used. The most demanding tasks—knee yielding
and stairs descent—demand maximum impedance torque of
135Nm, 400W of power and 100Nm s/rad of damping for a
100-kg patient [42]. For swingmotion, a less demanding task,
1Nm s/rad is a sufficient amount of damping [8] that can
be attained passively. In terms of responsiveness, the actuator
must be able to switch from these two limit damping values
in less than 100ms, which represents the average period
between heel strike and foot flat [43].

In terms of autonomy, a battery pack must be integrated
with the actuator. It must provide at least a full day of use,
implying 3000 ± 1800 steps/day [44] and the power drawn
by auxiliary devices (microcontrollers, sensors, power stage
units, etc.).

C. ACTUATION
The human leg can be represented as a double pendulum
mechanism. Assuming a leg with an actuated prosthetic
device, the equilibrium of momenta at the knee is achieved
through

τk,p ≈ ±τg + τi + τp (1)

where τk,p is the passive contribution of the knee, a function
of the flexion (+) or extension (−) gravitational torque (τg),
the inertial torque (τi), and the prosthesis passive torque (τp).
Prosthesis design can be executed considering a null grav-

itational component and a worst-case (maximum) angular
acceleration αk,max of the rotating parts, thus yielding

τi = αk,max

(
Jleg + N 2Jact

)
(2)

which considers the total inertia at the knee joint, divided
into leg (Jleg) and actuator (Jact ). Note that a transmission
ratio N is included to reflect the actuator inertia to the knee.
This value will be a function of the transmission mechanism
sizing, as seen later. To limit the addition of unwanted inertial
contributions, Jact/Jleg ≤ 0.1 [45]. For a male patient of the
50th percentile, the shank will have its center of mass at 45%
of the leg length Lkf = 0.5m [46]. Furthermore, an angular
acceleration of 100 rad/s2 can be expected at the knee [41].
Thus, the inertial torque contribution can be estimated as

τi = 1.1αk,maxmp
(
0.45 Lkf

)2 ∼= 20Nm (3)

Finally, swing activities involve a maximum angular speed
of 7 rad/s and 110W of active power. A list of the device
requirements appears in Table 1.

III. DESIGN AND ASSEMBLY
To attain the outlined specifications, the proposed active
prosthesis relies on an electro-hydrostatic actuator (EHA)
and a series variable-orifice valve. The conceptual layout
of this system and a cross section of the assembly are
illustrated in Fig. 1. The actuation is based on an inverted
slider-crank mechanism that converts the linear displacement

TABLE 1. Prosthesis design requirements.

of a hydraulic cylinder into knee rotation. The force exerted
or absorbed can be controlled through a motor-pump unit
coupled to both chambers of the cylinder. One of the two
hydraulic lines presents a motorized variable orifice in series
that can control the hydraulic impedance of the cylinder
without exerting active power to the system.

A. ELECTRO-HYDROSTATIC ACTUATOR
The EHA is constituted by an electric machine (brushless
motor) and a fixed-displacement (gerotor) pump sharing the
same shaft. Two lines connect the hydraulic pump to a
cylinder with a piston. The selection of the cross section of
this piston is usually critical, as slight positive variations often
lead to significant actuator bulkiness. In this case, a piston
area Ap = 3.78 cm2 was selected to bound the maximum
pressure of the hydraulic circuit below 50 bar, while allowing
integration without interference inside the prosthesis body.

The gerotor machine—adopted for its compactness and
contained noise—has two gearing elements with n and n +

1 teeth, respectively. The smaller gear rotates eccentrically
inside the outer gear. Both gears rotate in the same direction,
thus guaranteeing a very low relative speedwith a pure rolling
motion i.e., no sliding among the surfaces. Epitrochoidal
gear profiles have been designed through a multi-objective
evolutionary genetic algorithm [47], [48], which aims at
finding a suitable trade-off between the overall efficiency of
the device and its envelope [49]. This method evaluates the
performance of the hydraulic machine at the most critical
impedance (see Section II-B). To match motor torque with
knee torque, a target gerotor volumetric displacement of the
pump Dp = 1.25 cm3/rev was achieved with an outer gear
outside diameter of 26mm and an axial thickness of 13mm.
Considering the volumetric displacement and the piston cross
section, the actuator transmission ratio is governed by

N =
Ap
Dp

Nleg (4)

where Nleg is the transmission ratio of the inverted slider
crank mechanism. In static conditions and considering
an active sign convention, motor and knee active torque
(τm, τk,a), as well as motor and knee speed (ωm, ωk ), are
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FIGURE 1. Electro-hydrostatic actuator for knee prosthesis (left). Actuation unit and rotary valve are connected in series to the linear hydraulic cylinder.
Knee prosthesis prototype assembly (right): (a) pyramidal joint, (b) slow shaft with encoder, (c) frame, (d) manifold, (e) pressure sensor [×2], (f) passive
foot-ankle, (g) load cell, (h)hydraulic cylinder. Motor-pump: (i) angular sensor, (j) stator, (k) rotor, (l) pump gears. Valve: (m) cap, (n) spool, (o) sleeve.

related through N :{
τk,a = Nτm − Nτf

ωm = Nωk − ωℓ

(5)

where τf and ωℓ denote the friction torque and leakage
angular speed, respectively, both seen from the motor
standpoint.

To achieve this EHA design proposal, the resulting
actuator was equipped with a frameless brushless motor, the
TQ RoboDrive ILM38 × 06. This allows for a seamless
integration with the rest of the system, guaranteeing a
continuous torque up to τm,cont = 100mNm, and a peak
value τm,pk = 320mNm. This latter feature enables a
maximum swing active torque of 20Nm at the knee. With
a maximum speed ωm,pk = 10.5 kr/min, the machine
can guarantee actuation within the established requirements.
As indicated previously, both the electric motor and the pump
share the same shaft. To avoid the addition of a rubber
seal, the stator and the rotor of the electric machine operate
immersed in oil.

The series hydraulic valve should operate as a restrictor
that provides a variable impedance in the EHA circuit. Its
role is to yield a resistive contribution to aid the EHA motor
and pump when its braking torque is not enough to fulfill the
impedance requirements of the knee motion task.

From a practical perspective, the valve is a custom design
with a rotary spool and a sleeve. Angular rotation θ is
provided by a Faulhaber 1016 SR DC motor and a 64:1
planetary gearbox. Variable grooves are obtained through
the precise overlapping between the spool and the sleeve
bodies. From the behavior of a hydraulic orifice, a nonlinear
relationship between damping force F and linear speed v is
a function of the equivalent groove orifice area A, which in

FIGURE 2. Characterization of two orifice valves. An early design based
on off-the-shelf components shows a strongly nonlinear (1/x3)
equivalent quadratic damping F /v2, undesirable for control purposes.
The final design reduces this nonlinearity.

turn depends on the valve opening θ :

F ∝
v2

A(θ )2
(6)

The nonlinearity in (6) impedes a precise regulation of the
hydraulic load. Specifically, at high braking torques and low
speeds, the valve operates almost closed and the damping
behavior is extremely sensitive to the valve rotation angle.
By converse, low hydraulic load phases demand a large
angular stroke that would be difficult to attain within the
desired actuation bandwidth. This undesired effect would
worsen as A increases with θ . Many off-the-shelf valves
display this behavior, as depicted in Fig. 2, for which we
found an experimentally determined relationship:F ∝ v2/θ3.

B. ROTARY HYDRAULIC VALVE
To minimize the nonlinear force response with respect to
the valve rotation, a custom valve is designed. Equation (6)

VOLUME 13, 2025 82035
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FIGURE 3. Variable-orifice valve simulation setup and results for different opening values. Streamlines are colored according to the pressure of the fluid.

suggests that A should change regressively as function of
the spool rotation, according to A ∝ θ−1/2, to achieve the
linear relation F ∝ v2θ . However, this exact relation is only
based on the approximation of the orifice-plate expression (6)
and impractical from a manufacturing perspective. For
these reasons, the cross-sectional geometry of A is defined
through a machinable cubic spline, refined with the aid of
computational fluid-dynamic (CFD) analyses in Simerics
Pumplinx. Considering mineral oil properties and a thin
annulus region between the spool and the sleeve (grad =

10µm), CFD models were executed with flow rate values
between −10 to 10 L/min (21 values) and opening angles
between zero and 70 deg, for a total of 210 runs.

Figure 3 illustrates the valve structure and the simulation
boundary conditions. It also shows simulation results for
an inflow of 8 L/min at four different opening values.
Streamlines indicate the fluid flow patterns; their color
denotes the pressure delta generated by the orifice. It is
observed that the pressure delta is mostly generated across
the orifice area, which varies with the opening angle between
the spool and the sleeve of the valve.

Figure 2 also shows results of the performance of the newly
designed valve with improved groove shapes in comparison
to a commercial valve. An improvement in linearity of more
than 1200% can be observed for a valve opening range
between 10% and 60%, based on a comparison of minimum
and maximum rate of change of damping force for valve
opening (∂F/∂θ ) within this range. It is worth noting that
with the impedance characteristic of the early design valve,
it was not possible to evaluate force responses below 20%
of valve opening. The amount of required pressure drop to
attain those working points was beyond the testbed pumping
capability. This strongly suggests a much steeper damping
curve compared to the new design.

C. PROTOTYPE ENVELOPE
The final prototype assembly can be subdivided into motor-
pump, cylinder and valve bodies, for a total actuator mass
of 900 g. Additional contributions are added by the knee
joint assembly (400 g), a load cell (100 g), an electronic
control unit (120 g), and a battery pack (350 g). The total

FIGURE 4. Prosthesis finite-state machine for walking and stair tasks.
States: (0) stance, (1) pre-swing, (2) swing flexion, (3) swing extension.

mass of the prosthesis is mp = 2.15 kg, thus fulfilling initial
biomechanical requirement ofmp ≤ 3.5 kg. To give means of
comparison, the C-Leg fromOttobock and theGeniumX3 are
two MPKs that weigh 1.5 and 1.8 kg, respectively. Although
our design is heavier, it brings the additional benefit of active
power compensation when compared to anMPK, with a mass
increase of only 30%. In contrast, Ossur’s Power Knee, a fully
active device, is 49% heavier with a mass of 3.2 kg.

In terms of build height, our prototype is 240mm, thus
guaranteeing proper fit with a wide diversity of patients.
Ottobock’s C-Leg has a larger build height of 289mm in the
best of cases [50].

The knee-center to top pyramid distance of our prototype
is 53mm. This distance must be sufficiently short to fit
patients with more distal amputations. Further evaluations
are required to assess which percentile of above-knee
amputations can be fit with our prosthesis.

IV. PROSTHESIS CONTROL: WALKING AND STAIRS
For control purposes, the prosthesis is equipped with two
sensors to measure the pressure in the two hydraulic lines of
the EHA. They allow estimating the knee torque. A load cell
determines the reaction force between the prosthesis and the
ground. Additionally, the angular motion of the knee joint
is measured using a magnetic encoder. Finally, an inertial
measurement unit allows estimating thigh and shank motion
in space.

Since the focus of this work is on technology rather
than controller design, the chosen controller is based on
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well-known and proven methods. For this purpose, a finite
state machine (FSM) is adopted and has been tuned to yield
satisfactory walking results. The FSM is shown in Fig. 4,
and features four discrete states: stance (0), pre-swing (1),
swing flexion (2) and swing extension (3). During walking,
the controller cycles sequentially through states, according
to the conditions presented in Fig. 4. States are defined as
follows:

1) Stance: Valve opening 20% to yield proper damping
for stance flexion (0.75Nm s/(rad kg)); EHA back-
driven;

2) Pre-swing: Valve opening 80%; EHA backdriven;
3) Swing flexion: Valve opening 100%; EHA actively

controlled;
4) Swing extension: Same as swing flexion.

The active-side controller is based on recently published
works [31], [32], in which the control strategy has been
validated on a different device [27]. Here, it has been adapted
to match the features of the described prototype. The EHA
controller comprises an outer impedance loop that imposes a
desired torque

τd = βdω
n
k + τ0 sign(ωk ) (7)

being βd the desired damping to compensate, ωk the knee
angular speed, n ≥ 1 representative of the damping model
(e.g., linear or turbulent) and τ0 the static friction torque
identified in preliminary tests. Furthermore, no stiffness
contribution is considered and the desired angular speed is
set to zero. No virtual inertia was imposed to avoid the
control robustness issues typically associated with inertia
shaping. Impedance controllers, and their variations (e.g.,
admittance), have been extensively used in contexts requiring
relevant physical interaction, such as prosthetics, thanks
to their capability to provide a programmable compliant
behavior [51].
Specifically, the goal is to partially compensate for the

prosthesis homogeneous dynamic behavior without imposing
an unnatural movement at the joint. Thus, by initiating an
inertially coupled movement through the hip, the user retains
agency over the prosthesis as a natural swing is essentially
facilitated.

Furthermore, the controller incorporates two additional
cascade loops. A proportional torque loop addresses friction
and other nonlinear effects at the knee joint. This loop
outputs desired current setpoints, which are fed to the
field-oriented control (FOC) of the motor. Both loops operate
in the embedded microcontroller at frequencies of 1 kHz
and 20 kHz, respectively. The high-level control and the
finite state machine run in a MATLAB-Simulink real-time
environment at 200Hz and communicate through CAN with
the embedded microcontroller.

Finally, the same FSM is employed for both stairs ascent
and descent, with two distinctions. During stair descending,
the FSM cycles exclusively between states 0 and 3, and
the valve position is adjusted during stance to accommodate

FIGURE 5. Prosthesis walking results. Black, dashed curves represent
commercial results. Blue, solid curves represent prototype results. Bands
define ±1 standard deviation from the mean. Statistical significance is
marked with an asterisk.

the changing transmission ratio caused by significant knee
yielding compared to the walking stance phase. On the
other hand, during stair ascent, the FSM cycles through all
four states, utilizing a different swing extension controller.
Specifically, a shank angle virtual spring with a set point at
0 is introduced to create a soft stop at vertical shank position.
The control law is of the form

τd = βdω
n
k + τ0 sign(ωk ) − Kp(θs)θs (8)

In this setup, Kp(θs) is gradually increased within 25ms
after the shank angle θs falls below 5◦. This added term
prevents the prosthesis from impacting the step during
stair ascent. A higher homogeneous dynamic cancellation
is considered since the hip’s dynamic contribution is lower
than in walking. Regardless from the control mode, the EHA
controller is the same for all the stair ascent gaits.

V. PROSTHESIS CHARACTERIZATION
Tests were conducted to validate the prosthesis performance
in a close-to-real scenario: a healthy individual equipped with
an able-body adapter, replicating the 50th percentile height of
a prosthetic limb. A representative video of the walking and
stairs trials is included as supplementary material.

A. WALKING EXPERIMENTS
Walking experiments are carried out to compare the pro-
totype developed with the commercial Ottobock C-Leg
4 prosthesis. Tests are conducted on an AMTI split-belt,
force-instrumented treadmill at three representative walking
speeds: 0.5m/s (slow), 0.8m/s (self-selected), and 1.1m/s
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TABLE 2. Walking results: metrics average value.

(fast). Kinematic data for the lower extremities are recorded
using a Vicon infrared motion capture system. Each trial
involves a 90 s walking duration, beginning with the use of
the commercial device.

Figure 5 displays the results for both commercial and
prototype prostheses, segmented by strides, across three
walking speeds. The data depicted represent averages over
approximately 20 strides, with colored bands indicating
plus/minus one standard deviation from the average. The top
row of Fig. 5 illustrates the percentage of leg shortening,
representing the vertical distance between pelvis and toe
markers throughout the stride. A null (zero) percentage
indicates the maximum distance between the markers.
At 0.5m/s and 1.1m/s, results show a higher leg shortening
when testing with the prototype. Results at 0.8m/s reveal
similar percentages between the two devices under testing.

The prototype consistently demonstrates higher peak knee
flexion compared to the commercial prosthesis, in all three
scenarios. The bottom row of Fig. 5 illustrates foot movement
in the sagittal plane. At both 0.5 and 1.1m/s, the prototype
achieves a greater maximum foot height than the commercial
prosthesis, with a comparable stride length.

Table 2 provides a summary of key findings for both com-
mercial and prototype prostheses at various walking speeds.
Pair-wise t-tests are conducted to assess any significant
difference in the peak value of the knee angle between the
commercial and prototype solutions, at each walking speed.
Results reveal p < 0.001 in all three walking conditions.

Moreover, an energetic analysis is conducted to charac-
terize the autonomy of the prosthesis. Taking into account
electric motor, control and power stage losses, the average
power consumption per stride is 27.62, 47.5, and 60.58W for
the three investigated walking speeds, respectively.

B. STAIRS EXPERIMENTS
Stairs experiments are exclusively conducted with the pro-
totype prosthesis. However, various studies have presented
stair ascent and descent kinematic data for commercial
MPKs [52], [53]. Experiments are carried out on a six-step
staircase, considering two ascending gaits: step to (ST) and
step over (SO) step. ST represents the conventional gait
for transfemoral amputees, whereas SO is the common gait
observed in able-bodied individuals. Results for knee angle

FIGURE 6. Stair ascent results using the developed prototype on an
able-bodied subject. Two different step strategies are shown: step to gait
(top) and step over step gait (bottom). Average knee angle (blue) is
positive for increasing flexion. Knee torque (orange) is negative for
increasing flexion. Bands define ±1 standard deviation from the mean.

and exerted torque are presented in Fig. 6. In both ascending
gaits, a large peak knee flexion is attained: 35◦ for ST and 39◦

for SO, as opposed to 5◦ and 10◦ with conventional MPKs,
respectively [53].
Step clearance is achieved by applying torque at the joint,

as detailed in Section IV. The peak torque values, 5.4Nm for
ST and 7.2Nm for SO, correspond to the swing flexion state,
with no assistance provided during the load-support phase.

VI. DISCUSSION
A. PROTOTYPE PERFORMANCE
With a mass of only 2.15 kg, our device falls into the partially
powered prosthesis category with the objective of providing
swing assistance in a variety of tasks. These functional
features are achieved with a custom design combining EHA
and a series rotary valve. The final prototype guarantees
2.6Nm s/rad of minimum viscous damping, with a nonlinear
stiction force of only 38.5N. In active mode, the device can
track a sinusoidal motion reference with a peak flexion of
90◦, a maximum angular speed of 49 r/min, and a maximum
power draw of 52W.

The finite state machine was able to reproduce the walking
and stair climbing tasks and the impedance controller favored
agency over the prosthesis. This means that the user can
impose their own residual limb dynamics to the device.
Walking tests were performed on an able-bodied user through
a dedicated adapter at three different speeds (0.5, 0.8,
1.1m/s), considering both the developed prototype and a
commercial MPK. In all three scenarios, the peak knee
flexion is consistently higher for the prototype compared to
the commercial prosthesis. This is indicative of greater leg
flexion in the prototype, as depicted in the middle row of
Fig. 5. The bottom row of Fig. 5 depicts foot movement on the
sagittal plane. At both 0.5 and 1.1m/s, the prototype exhibits
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TABLE 3. Comparison of key features across different prosthetic designs.

a higher maximum foot height compared to the commercial
prosthesis, while the stride length remains comparable. This
result suggests an increased toe clearance, metric directly
relatable to likelihood of stumbling or falling [54]. It is
important to underline that while a greater foot height could
reduce the risk of stumbling and falling, it might also induce
a higher energy expenditure for the user. Future clinical
evaluations should address this criticality.

Considering a 21.6V pack with a capacity of 3350mAh,
the prosthesis can sustain 9350, 5400, and 4260 strides at
the respective speeds. These values correspond to a range of
usage from a maximum of 3 to a minimum of 1.5 days, taking
into account the average number of steps per day performed
by TFAs [44].

The prototype is also tested during stair tasks, showing
promising results with a peak knee flexion of 39◦ during a
step-over-step ascending gait. Comparative literature findings
for MPKs typically report minimal knee flexion during
ST [52] and the inability to perform a step-over-step (SO)
gait. The Ottobock Genium is the sole commercial MPK
capable of executing a SO gait, though requiring a non-natural
movement initiation [53].

B. COMPARISON WITH OTHER PROSTHESIS TYPES
This work presents a prosthesis evolution with respect to
its previous version [16]. Although the previous-generation
device covered a significant portion of the target gait cycle,
low speed - high torque phases (i.e., stance) could not
be compensated due to the intrinsic power limitations and
compact size of the EHA. These shortcomings have been
addressed in this design, by adding the series rotary valve.

The new prototype prosthesis has been benchtop validated
in a previous work for both active and passive operating
modes [40]. For sake of comparison, the most relevant results
and how they compare to existing literatures [28], [30],
and [31] are presented in Table 3.
The work by Li et al. features an hydraulic transmis-

sion [30], similar to our proposed prototype. However,
differently from our design, their active hydraulic element
(i.e., pump) acts in parallel to the spring-damper system.
This could represents an advantage when exerting power

towards the joint as the damper pressure drop can be
bypassed. Conversely, when dissipating high power (i.e.,
during walking stance), the active side cannot be bypassed by
the damper system. As such, it should provide most of such
resistive power.

In their work, Lee et al. [27] propose a device with a similar
mass (2.18 kg), but a more substantial height (278mm) and
a full-day autonomy. In contrast, our solution delivers higher
swing torque (12.15 versus 7.5Nm), with comparable power
consumption. Furthermore, when tracking position setpoints,
the proposed device exhibits more favorable responsiveness,
with a tracking delay of 20ms instead of ∼ 40ms [27], at the
cost of a larger command effort.

When compared to the most advanced fully powered
prostheses in literature, our device presents similar mass to
the prototype by Azocar et al. [13], which is slightly above
the solution by Tran et al. [14]. In terms of build height
and battery autonomy, all three devices are comparable. For
backdrivability, theminimum damping by Tran et al. is signif-
icantly lower, (0.43 versus 2.6Nms/rad). However, this latter
value is suitable to compensate ballistic motion passively [8].
Unlike purely electromechanical technologies [13], [14],
[27], the fluid-based transmission of EHAs is qualitatively
perceived as smooth. This is due to the natural leakages inside
the circuit and the viscous impedance introduced by the oil
itself. Despite the presence of these losses, our device was
able to reach full-day autonomy efficiently.

C. RESEARCH NOVELTY
Considering the presented results and comparison with
existing alternatives, this research presents—to the best of
our knowledge—the first and most integrated (2.15 kg in a
compact envelope) design and validation (walking and stair
climbing) of a swing assistive knee prosthesis using a fully-
custom electro-hydrostatic actuation (EHA) with a in-series
hydraulic valve.

The adopted serial architecture provides several advan-
tages compared to other solutions. First, compared to parallel
hydraulic designs (inwhich the valve is placed in parallel with
the actuation), our design has an improved tolerance to faults
since, in case of actuator failure, the series valve will still
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be able to brake the knee motion, essentially behaving as a
conventional MPK.

Moreover, compared to series electromechanical systems,
no gear mechanisms are needed to convert the motion from
the hydraulic to the mechanical domain, thus reducing losses
and noise in the system. Electro-hydrostatic actuation also
reduces the mechanical design coupling needs e.g., belts,
chains, gears, since the actuation can be easily located
anywhere in the prosthesis and connected to the final
end-effector by means of dedicated hydraulic lines.

The implemented impedance-based controller demon-
strated the ability to perform walking and stair climbing
tasks while providing an intrinsically stable behavior thanks
to the passivity constraint imposed by the control law.
Moreover, the velocity driven control, aimed at enhancing
user agency, aligns with recent neuroscientific findings that
humans might encode their motion using descending velocity
commands [55].

VII. CONCLUSION
This paper proposed a partially powered knee prosthesis
based on electro-hydrostatic actuation principles, combined
with the dissipative assistance of a series rotary valve. The
design was custom developed to guarantee an elevated degree
of integration. A dedicated prototype was built and tested,
demonstrating active capabilities to match the swing phase
of multiple knee motion tasks. Experiments were carried out
on a healthy subject using an able-body adapter. These close-
to-real use conditions showed improved performance when
comparing the device to prominent MPK alternatives.

Further investigations will delve into the validation of the
prototype on transfemoral amputee population. This aspect
is fundamental to confirm the results obtained on healthy
individuals. Furthermore, we will assess the finite state
machine that controls the prototype under different operating
conditions. The goal is to yield a robust actuator and enable
clinical trials with amputee patients in the near future.
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