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Abstract— In this article, a new hydraulic semi-active
knee (HSAK) prosthesis is proposed. Compared with knee
prostheses driven by hydraulic-mechanical coupling or
electromechanical systems, we novelly combine indepen-
dent active and passive hydraulic subsystems to solve
the incompatibility between low passive friction and high
transmission ratio of current semi-active knees. The HSAK
not only has the low friction to follow the intentions of
users, but also performs adequate torque output. More-
over, the rotary damping valve is meticulously designed
to effectively control motion damping. The experimental
results demonstrate the HSAK combines the advantages of
both passive and active prostheses, including the flexibility
of passive prostheses, as well as the stability and the
sufficient active torque of active prostheses. The maximum
flexion angle in level walking is about 60◦, and the peak
output torque in stair ascent is greater than 60Nm. Relative
to the daily use of prosthetics, the HSAK improves gait sym-
metry on the affected side and contributes to the amputees
better maintain daily activities.

Index Terms— Knee prosthesis, hydraulic, semi-active
drive, low passive friction, high transmission ratio.

I. INTRODUCTION

TRANSFEMORAL amputees confront many inconve-
niences in daily life due to the absence of lower limbs.
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The vast majority of amputees utilize fixed or variable damp-
ing prostheses, collectively known as passive knees (PKs) [1],
[2]. The PKs can support the amputees during the stance
phase and are compliantly followed by the residual thigh
to provide free passive flexion and extension during swing.
The microprocessor-controlled knees (MPKs) present better
performance by adjusting the damping force of the actua-
tor [3]. Nonetheless, the PKs lack the active power, resulting
in the inadequate robustness in the swing phase, and lead to
insufficient extension in some cases, which jeopardizes the
stability of the prosthesis in subsequent contact and may cause
the amputees to stumble. In addition, the intact limbs have to
compensate more for the absent joint functions, which lead
to lower-back pain [4] and more physical consumption than
healthy people [5].

In order to resolve the above problems, more recent
attention has focused on the research of the active knees
(AKs). The AKs can upgrade comfort and range of motion,
and various studies have demonstrated the advantages [6].
UT Dallas prosthesis was driven by a high-power motor
connected with the timing belt and the ball screw [7], [8]. And
Goldfarb et al. [9], [10], [11] used a brushless dc motor and
a three-stage belt transmission to drive the joint. These active
electric prostheses drive the knee joint directly with a typical
speed reduction transmission greater than 100:1 and cause
more rigid joints. The AKs force the knee swing actively rather
than swings freely, which results in more drastic discomfort
on the residual limb after long-term use [12]. Thus, the Power
Knee and the OSL diminished the stiffness and inertia of
the drive system by series elastic actuator (SEA) [13], [14].
As a matter of fact, the motor of AKs needs to generate
a substantial torque to support the knee joint in the stance
phase, which consumes unnecessary electricity [15]. Hence,
the research on semi-active knees (SAKs) with passive com-
ponents is progressively emerging [16], [17]. The MIT knee
was driven by a clutchable series-elastic actuator (CSEA) [18].
In the stance phase, the clutch is turned on and the stiff
springs support the amputees. While in the swing phase, the
clutch is off and the joint is actively driven by the SEA.
Lenzi et al. [19], [20], [21] designed an actively variable
transmission (AVT) in the Utah knee to switch the passive
and active modes. The prosthesis supports level walking with
low passive transmission ratio and stairs movement with
a high active ratio. However, the ratio switching takes a
while.
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In fact, the most current electric prostheses are faced with
the problems of high impedance, large transmission ratio [12].
During the swing, these prostheses are always actively driven,
rather than following the thigh like PKs. It has been shown that
a low impedance actuator allows the knee to swing passively
and follow the stump motion harmoniously. The AKs or SAKs
gain low impedance by decreasing high friction devices or
reducing the transmission ratio. However, the low transmission
ratio also leads to a low active torque, otherwise, the knee will
be heavy if a large torque motor is chosen. Gregg et al. [22]
designed a low impedance actuator through a custom planetary
gear mechanism and applied it to the power leg. The leg
provides passive knee swing motion, decreasing the power
requirement for swing flexion, but its large weight limits
clinical acceptance. The SCSA knee [23], [24], [25] is actively
driven by a one-stage gear reduction and ball screws embedded
inside the piston rod. On the RTFP knee [26], the motor
output shaft is directly connected to the knee joint through
the timing belt to assist the knee motion. The SCSA knee
and the RTFP knee merged hydraulic damping regulation in
parallel with motor active drive to achieve a low active ratio
and backdrivability. The SCSA knee and the RTFP knee both
allowed the prosthesis to swing freely. But the friction of
the drive systems is higher than that of the passive hydraulic
prosthesis as the active drive system and hydraulic damping
system are not separated during the movement. In addition,
the low transmission ratio limits the active extension torque
(7.5-8.5Nm) compared to other powered prostheses in stair
ascent.

The prosthesis described here is designed to retain the
desirable characteristics of both semi-active and active knees.
In level walking, the prosthesis must have low power con-
sumption in the stance phase, free flexion and active extension
in the swing phase. In complex environments such as stair
ascent, the prosthesis must be able to provide sufficient torque.
In addition, the battery should satisfy at least one day of
walking for the average user (2300±1500 steps) on a single
charge [24]. Therefore, the most important problem to be
solved is how to make the prosthesis compatible with both
free swing and adequate torque output.

The advantage of hydraulic transmission is that it can be
easily converted rotary motion into linear motion [27], [28].
It was confirmed that hydraulic system can perform better in
friction than gears [29]. The major contributions of our design
are as follows:

1) In this article, an improved prosthesis called Hydraulic
Semi-Active Knee (HSAK) was reported to enhance the
function of SAKs. The proposed prosthesis solves the
problem existing in the current semi-active prostheses,
which is incompatibility between low passive friction
and high active transmission ratio. The novel prosthesis
integrated of two independent active and passive drive
subsystems. The principle, design and manufacture of
the prosthesis was clarified.

2) The HSAK has both the characteristics of the harmony
of adjustable damping prostheses and the versatility of
active prostheses. In contrast to the advanced knees [24]
and [26], where the low-ratio was used to minimize

friction but result in low-torque transmission, the pro-
posed prosthesis allows lower passive friction and more
sufficient active torque.

II. DESIGN AND MANUFACTURE

This section presents the design and manufacture of the
HSAK. The hydraulic principal is described, followed by the
details for a critical component, i.e., the rotary damping valve,
the integrated block, and the control system.

A. Hydraulic Principle
The semi-active integration actuator of the HSAK was a

closed-circuit hydraulic system. As can be seen from Figs.1(a)
and (b), the drive system was designed and consisted of
three sections: the active section (including active motor,
hydraulic pump), the damping section (consisting of rotary
damping valve, damping motor), and the actuator section
(containing spring, accumulator piston, piston and rod). The
actuator section is connected with the damping and active
sections to form the damping adjustment and active driving
subsystems, respectively. The three sections are incorporated
together by a hydraulic block. In Fig.1, the block con-
nects ports A, C, and E together, and ports B, D, and F
together.

The working principles of the hydraulic system are illus-
trated in Figs.1(a) and (b). In early stance phase, the pump
does not work and the prosthesis locks the knee by the
closed valve. During passive flexion, the piston is subjected
to downward pressure, and the oil through the rotary valve
from the port F reaches the port E. The damping force is
regulated via the flow area of the rotary valve. While the oil
flows reversely in passive extension. When the joint is actively
extended, the valve is closed and the oil pressurized by the
pump is transported from port E to port F to drive the rod
upward. The reversal oil moves the rod downward. The energy
storage system involves a spring accumulator to reserve the
oil volume difference generated by piston motion during knee
flexion and releases it during extension.

The HSAK employs a semi-active mode (SAM) in level
walking. During the SAM, the flexion motion is adjusted
by the valve, and the extension motion is actively driven by
the pump. In extension period, the oil in the energy storage
system increases the pressure of port A to ensure the pump
is fully supplied with oil. In the event of a power failure, the
energy storage system provides the passive extension torque
as an aid. In addition, the HSAK can assist amputees in
step-over stair ascent via active swing motion and active stance
extension.

In summary, the HSAK is equipped with an energy recovery
device and integrates active and damping subsystems. When
the damping subsystem is engaged, the HSAK supplies the
benefits of an MPK, meanwhile, it also purveys powerful
assistance when the active subsystem is engaged for special
tasks (e.g., the late swing phase of walking and the active
phase of step-over stair ascent). In particular, in the SAM, the
HSAK due to the low friction has a passive flexion function
in swing phase in walking like MPKs, which is a unique
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Fig. 1. Hydraulic driving principle of (a) knee flexion and (b) knee
extension by HSAK (blue and red arrows indicate the directions of the
hydraulic oil flow in the passive and active modes, respectively).

benefit of the hydraulic knee compared to the electric power
knee. Moreover, the damping and active subsystems can work
together to guarantee two subsystems switch smoothly.

B. Rotary Damping Valve
The control of motion damping is a key issue in knee

prostheses. To solve this, a rotary damping valve is developed
in this paper, the valve has a simple structure but favorable
dynamic properties. It can be seen from Fig.2(a) that the
rotary valve mainly comprises a valve sleeve, valve spool, and
stop block. The valve spool has a radius of 7.5mm, and the
inlet and outlet ports are connected by an oil flute with a
surface depth of 5mm. Three pressure-equalizing grooves are
evenly designed on both sides of the flute to balance the radial
forces generated during work [30]. Sealing components are
used to separate the inlet port, the outlet port and the external
environment. A clearance seal is placed between the spool and
valve sleeve. All components are installed inside a hole in the
integrated block.

The damping valve structure has the merits of continuous
linear variation of flow area. In the valve, both the groove
width and the oil ports diameter are 3mm, thus the maximum
flow area is calculated about 7mm2. The red curve cutting
the blue circle in Fig.2(b) presents the transformation of the
spatial rotation to planar translation. The valve flow area can
be divided into two parts for calculation: Sup and Sdown . It is
assumed that there is no relative motion between the valve
sleeve and integrated block and that the plane expanded by
the valve port is approximately circular, then the relationship

Fig. 2. (a) Three-dimensional structure of the rotary valve: valve sleeve,
valve spool, stop block. (b) Change in flow area during rotation of the
valve spool and the (c) calculated linearity.

between the rotation angle θvalve and valve flow area S could
be obtained through (1)-(6), and the result is shown in Fig.2(c).

S = Sup + Sdown (1)

Sup = (
1
2

r2
× α −

1
2

r ×
d
2

sinα) × 2 (2)

Sdown =
1
2

r2
× β +

1
2

r × (r − d)sinβ (3)

α = cos−1 d
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(4)

β = π − cos
r − d

r
(5)

d = Rsleeve × θvalve (6)

where r is the oil hole radius of the valve inlet and outlet, d
is the relative displacement between the spool and the sleeve,
Rsleeve is the radius of the valve sleeve. The linearity R2

was 0.99538, which which ensured proportional relationship
between flow area and the angular displacement to control the
valve better [31].

The ANSYS/Fluent software, one of the most practical
simulation softwares for CFD, is used to evaluate and analyze
the internal flow field of the spool. Based on the biomechanical
regulation of healthy knee joint movement [32], the maximum
force on piston was assumed about 1500N, and the maximum
hydraulic pressure was about 5MPa during the level walking
of a 100kg user. Thus, the boundary condition of inlet pressure
and outlet pressure were set to 5MPa and 0MPa, respectively.
In addition, the density, dynamic viscosity, and temperature of
hydraulic oil were 880kg/m3, 0.0258Pa·s, and 293K, respec-
tively. It was assumed that there was no heat exchange between
the wall of the basin, the fluid, and the external environment.
The gravitational potential energy and gap between the spool
and sleeve were also omitted. The internal flow pattern of
the basin was considered to be turbulent, so the standard
turbulence model was chosen for simulations. Further details



LI et al.: DESIGN, MANUFACTURE, AND EXPERIMENTAL VALIDATION OF A HSAK PROSTHESIS 1397

Fig. 3. (a) Pressure contour when the valve spool rotates 8.5◦.
(b) Simulation curve of the change in the steady flow torque during
the rotation of the valve spool. (c) Streamline diagrams and velocity
nephograms of the inlet and outlet flow fields for different rotation angles
of the valve spool.

of the grid model, turbulence model, boundary conditions, and
solution strategy are presented in the Supplementary Materials.

The rotary valve fluid domain comprises three parts: the
inlet, the outlet, and the flow passage of valve channel.
In addition, the pressure contour at a rotation angle of 8.5◦

is shown in Fig.3(a). The inlet pressure was 5MPa, and the
outlet pressure was 1.4MPa; which indicates that the pressure
decreased when hydraulic oil flowed through the valve and
that the valve had an obvious damping effect. In the damping
valve, the steady flow torque is a critical issue that affects
the rotary valve characteristics. The steady flow torque is in
the opposite direction of the fluid momentum change in the
circumferential direction, and it is an important part of the
movement resistance of the valve [33].

Looking at Fig.3(b), the results of steady flow torque data
at different rotation angles of the spool at a pressure of
5MPa were extracted by Ansys-Fluent. It is apparent that
the maximum steady flow torque was 46.2mNm for rotation
angles of 7◦–13◦, which was far less than the 170mNm rated
torque of valve motor (ECXSP13M with GPX16 83:1 and
ENX13 1024IMP, Maxon). Fig.3(c) presents the streamline
diagram and velocity nephogram of the inlet and outlet flow
fields of the rotary valve at different rotation angles. It can
be seen that with the change of spool rotation angle, fluid
flow direction and velocity vector in the valve are varying.
For a small rotation angle (1.5◦), the velocity distributions of
the inlet and outlet were relatively uniform, and the hydraulic
oil flowed from the bottom of the inlet through the outlet,

and the streamline distribution was much concentrated. When
the rotation angle mounting to 8.5◦, the velocity nephogram
displays that the high-speed hydraulic oil impacted the side
and bottom surfaces and reflected at the spool inlet. At the
outlet of the valve spool, the flow velocity of the hydraulic
oil decreased slightly with a radial ejection. In the streamline
diagram, the fluid at the inlet was divided into two parts inside
the rotary valve. The small part of the oil flowed through the
outlet after impacting the bottom of the valve channel while
the most impacted the side again and spiraled. Finally, the two
parts of the oil gathered at the outlet. As the rotation angle
went up to 17◦, the inlet oil velocity enhanced, and the impact
on the wall was more obvious. And the oil moved almost
entirely in a spiral shape, and the outlet velocity decreased
relative to that at the 8.5◦. Further increasing the rotation
angle to 25◦ resulted in the oil motion similar to that at 17◦,
but the average outlet velocity became neap. Enlarging the
rotation angle gradually decreased the opening of the valve
port, strengthened the damping effect of the rotary valve,
and reduced the outlet flow rate and pressure. The numerical
simulations clarified the transmission process of the internal oil
motion while the damping valve was operating. These graphics
and results cannot be obtained through experiments and have
not been reported in other prostheses research.

C. System Integration
To reduce the overall size and weight, we designed a

hydraulic integrated block which has many holes to form
inside channels to connect each sectionin the drive system
as shown in Fig.4(a). The process holes are sealed with plugs
(QD060E) and screws. The drive system is attached to the
prosthesis by bearings in the rod and cylinder end cover.

The internal channels with a diameter of 5mm of the
integrated block are depicted in Fig.4(b) and Fig.4(c). From
Fig.1 and Fig.4, the oil circuit of the block connects the pump
port 1 (port A), the valve port 1 (port C), and the cylinder
port 2 (port E) together, and the pump port 2 (port B), the
valve port 2 (port D), and the cylinder port 2 (port F) together.

During passive flexion, as shown in Fig.4(b), the oil moves
from cylinder port 2 into the other side of the cylinder piston
through valve port 2, valve port 1, and cylinder port 1, as the
blue channels and the white arrows shown. Correspondingly,
the oil transports in reverse in passive extension. Due to the
volumetric efficiency, some of the oil will inevitably leaks
when the pump rotates, and this part of the oil needs to be
discharged outside the pump through the drainage port. The
green dotted line displays the direction of the leakage. And the
leakage increases with the pressure. During active extension,
as shown in Fig.4(c), the active subsystem is engaged but
the damping subsystem is not, which means that the valve
is closed and no oil flows in the valve as the black channels
shown. The oil in the cylinder enters pump port 1 from the
cylinder port 1, and the high-pressure oil from pump port
2 enters the cylinder through cylinder port 2 to extend actively,
as the red channels and the red arrows shown. At this time, the
leaked oil in the high-pressure state ingresses into the pump
again through pump port 1, which does not affect the system.
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Fig. 4. (a) Assembly of the HSAK drive system. Drive system operating
principle when passive flexion (b) and (c) active extension: The black
channels indicate that the oil is stationary, and the arrows indicate the
direction of oil flow.

During active flexion in the swing phase of stairs ascent, the
pump reverses and the direction of the oil is opposite except
the leakage. The oil flows from the pump port 1 to the cylinder
port 1 and prevents the oil flowing from the drainage port. The
pressure at drainage port is equal to the active drive pressure of
the system. In the swing phase, the oil pressure of the system
is relatively low, so the drainage chamber does not fail.

The diameter of pistons and rods are 22mm and 10mm,
respectively. The stiffness coefficient of the spring is 7.5N/mm,
and was about 10mm pre-compressed during installation to
balance the piston friction and increase passive extension
torque. Figs.5(a) and (b) exhibit the overall drive system
and the fully assembled knee, respectively. The connecting
platform was linked to the socket by a nut. A uniaxial load cell
was fixed to measure the force of the shank. A high-precision
digital potentiometer (GT-D WXXY) was used to get the angle
of the knee joint. An inertial measurement unit (IMU 6050)
was mounted on the embedded board. The 2800mAh capacity
battery comprising six Samsung cores (INR18650-30Q) was
applied to meet the user’s exercise needs for at least a whole
day.

From Fig.5(c) we can see the mechanism of the HSAK sim-
plified into two triangles, while Points P, O, and R represent

Fig. 5. (a) Overall HSAK drive system. (b) HSAK system integration
and prototype. (c) Mechanism. (d) Functional relationship between the
knee angle and transmission ratio of the piston force and knee torque.

three rotating pairs, respectively. The functional relationship
between the knee angle θknee and,arm length L A of piston
force Fp and, and the transmission ratio n can be obtained by
follows.

δ = arctan
lP Q

lQO
(7)

lO P =

√
lP Q

2
+ lQO

2 (8)

γ = 180◦
− δ − θknee (9)

lR P =

√
lO P

2
+ lO R

2
− 2 × lO P × lO R × cosα (10)

L A =
Tk

Fp
= lO R ×

sinα

lR P
× lO P (11)

n =
Tk

τm
=

2π × S × L A

VP
(12)

where lP Q , lQO , lO P , lP Q P , lR P , lO R are the length of links
PQ, QO, OP, PQ, RP, OR respectively; Tk is the theoretical
knee torque; τm is the motor torque; S is the effective area of
the piston; VP is the displacement of the pump.

Fig.5(d) exposes the arm length and the transmission ratio of
active extension curve. When the knee angle is 60◦, the arm
length is 35mm. A 150W brushless motor (Maxon EC flat
60 150W, nominal torque is 401mNm) is used for the power
requirements in stair ascent. The 0.5mL/r displacement pump
(MP050-A, Chongqing, China) furnishes the active drive for
the actuator. The transmission ratio between the knee joint
and the motor is 126:1-174:1 based on typical knee angle
range from 0◦ to 90◦. The motor would support the knee
with a nominal torque of about 50-69Nm. Assuming a total
transmission efficiency η of 75%, the motor would still assist
the knee with an active torque of 38-52Nm. In summary, the
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Fig. 6. (a) Division of the gait cycle into phases during level walking.
(b) Finite-state machine (FSM) for level walking. (c) FSM for stair ascent.
(d) Block diagram of the control system showing the processing stages:
FSM, controllers, and physical actuator output.

HSAK has a range of motion of 0◦
−120◦, overall height

of 258mm, and total weight of 2.68kg (including the 300g
battery).

D. Control System
A finite-state controller was designed for the HSAK. Refer-

ring to Fig.6(a)-(c), the level walking can be divided into four
phases: Early Stance (ES), Pre-Swing (PS), Swing Flexion
(SF), and Swing Extension (SE), and the step-over stair ascent
can be divided into three phases: Active Stance (AS), Swing
Flexion (SF), and Swing Extension (SE). In all modes, the
rotary valve is completely closed and the pump is stationary
in the initial state.

The finite-state controller for level walking is set out in
Fig.6(b). To guarantee user safety, the HSAK neglects the
flexion and extension of the joint in the stance phase of level
walking (by following the protocol of the other advanced
prostheses [20], [22], [24]). The damping motor (DM) and
active motor (AM) are not working neither in the ES phase,
and the knee is locked by the closed valve. When the load
cell is less than 70% of the body weight, the prosthesis enters
the PS phase. In this phase, the DM is engaged and gradually
opens the rotary valve to promote passive flexion. Based on
the PID parameters tuned by the motor driver (EPOS4 50/1.5,
Maxon), the maximum dynamic and static errors of the valve
motor are 0.6 degrees and 0.3 degrees respectively. Then, the
load cell value is less than 50N. In the SF phase, the DM
is engaged to keep flexion damping at a low level, and the

knee flexes passively to the maximum flexion angle θ1. At the
SE phase, the DM is driven to quickly close the rotary valve
while the AM actively extends. The knee extends to 2◦, and
the knee angle and load cell value are used as criteria to judge
the state at the end of the swing phase. Fig.6(c) illustrates the
control of the HSAK for step-over stair ascent. If the load
cell value is less than 10N, the prosthetic side enters the SF
phase. The knee joint is actively flexed to the θ1. After that, the
prosthesis is actively extended to the preset position θ2. Then
the amputee puts the artificial foot on the next stair. When the
force is greater than 100N, the HSAK enters the AS phase.
The AM drives the pump for active extension to assist the user
with ascending the stairs.

The HSAK is controlled via a custom-built embedded
system which was programmed by using C and incorporated
with an IMU, an SD card, a Bluetooth, and a microcontroller
(STM32F429IGT6). The motor torque drives communicate
with the microcontroller via CAN bus. The block diagram of
the control system with three stages can be seen in Fig.6(d):
the finite-state machine, the damping and torque controllers
and the actuator output. The motion mode is switched manu-
ally by Bluetooth.

In the PS and SF phase of level walking, the passive
damping controller works, the angle of the valve ϕ(θ) is
computed as shown in (13).

ϕ(θ) = θkact k(θ) + c (13)

where θkact is the actual angle of the knee. The control
parameters k(θ), and c are tuned according to the subject test.

In the SE phase of level walking and in the SF and SE phase
of step-over stair ascent, the active torque controller works to
assist the joint rotation. The torque of the active motor τm and
knee joint are calculated as shown in (14)-(15).

τm = kp(θkdes − θkact ) + kd(θ ′

kdes − θ ′

kact ) (14)
Tka = nτmη (15)

where θkdes , kp and kd are the target angle of the knee, the
proportional gain and the derivative gain, respectively; Tka
is the actual torque output to the knee joint by the drive
system. The control parameters of different phases are adjusted
according to experiments.

In the AS phase of step-over stair ascent, the knee torque of
the healthy increases from zero to a maximum and declines
to zero for a fully extended knee joint position [19], [34].
Accordingly, in the HSAK, the τm changes with the knee
angle, as shown in (16).

τm =
θkact − θ3

θT max − θ3
τmax (16)

where τmax and θT max are the maximum motor torque and the
corresponding knee angle during the AS phase, respectively.
Moreover, when θkact > θT max , θ3 = θ2, when θkact < θT max ,
θ3 = 0.

III. BENCH-TOP EXPERIMENTS

In order to assess the friction of the system and the effect of
the hydraulic energy storage principle in Fig.1, the bench-top
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Fig. 7. (a) Experimental bench of the energy storage system. (b) Curve
of the relationship between the friction force and piston displacement.
(c) Curve of the relationship between the passive extension torque and
knee angle.

experiments were carried out. In Fig.7(a), the driving system
was fixed onto an electronic universal experiment machine.
The valve opening was adjusted to the maximum. The machine
stretched or compressed the hydraulic cylinder and recorded
the force and displacement.

In the friction force test, the spring was removed and the
speed of the rod was 1cm/s. The results of the rod force are
demonstrated in Fig.7(b). Due to the machining tolerances,
the friction force fluctuates during the piston movement.
The average friction is about 3N, which is smaller than 6N
in [24] and 200N in [26]. It shows that independent hydraulic
transmission provides a lower passive motion resistance than
coupling hydraulic and mechanical. The low friction ensures
passive flexion and extension performance of the prosthesis
in the damping subsystem. In the test of the energy storage
system, the piston rod was compressed to the bottom, then
the machine was upward fed and the extension force was
measured. The functions relating the knee angle to the passive
extension force and the passive extension torque are obtained
through (7)-(11), as shown by the purple and green curves,
respectively, in Fig.7(c). The maximum passive extension
torque is 4.42Nm at a knee flexion angle of 60◦. The result is
over 8 times more than that in [24] and is more helpful as a
passive aid to assist extension in a power failure.

IV. HUMAN SUBJECT EXPERIMENTS

The HSAK was tested to highlight its kinematic and kinetic
abilities in clinical experiments and provide biomechanical
data for future researchers (Supplementary Video). Two male
unilateral femoral amputees with nonvascular were invited
to participate in the experiments (Subject 1:31years, 60kg,
1.69m; Subject 2:38years, 80kg, 1.74m).In Fig.8 and Fig.9,
the subjects were invited to test the HSAK in level walking
and step-over stair ascent with a self-selected suitable speed.

Fig. 8. The subjects wear the HSAK in level walking.

Fig. 9. The subjects wear the HSAK in step-over stair ascent.

In level walking, the angle and torque of the hip and knee
joints were measured through the integrated infrared motion
capture system and force plate system. In stair ascent, the
systems can only obtain the angle of the hip and knee joints.
Thus, the knee torque was estimated based on motor current
data recorded via the embedded system. In addition, each step
was 0.13m high of the stairs. Both subjects used TEHLIN
4P03 (pneumatic non-MPK) as their daily use knees. In both
types of experiments, they first performed the test with their
daily prostheses, and then with the HSAK prosthesis. Before
the experiments, all subjects were trained with the HSAK (1)
to adapt to the HSAK and the controller; (2) to allow tuning
controller parameters to suit each subject; (3) to roughly match
their proficiency with their PKs. All of the above experiments
were approved by the Second Hospital of Jilin University (No.
2021072), and the subjects provided informed consent before
the experiments.

Fig.10 to Fig.13 show a comparison of each participant’s
daily-use devices and the HSAK in level walking and stair
ascent, respectively. As shown in every figure, the mean of
the prosthetic side data is represented by a thick colored
line, and the shaded range is the standard deviation of the
data. The healthy data from [34] are shown in black lines for
reference. As the subjects were unable to complete step-over
stair ascent with the daily-use devices, we recorded two steps
of the affected side information in step-by-step stair ascent.
The test data showed that the average power consumption of
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Fig. 10. Hip angle and torque for level walking.

the HSAK was 22J per gait cycle in level walking and 121J per
gait cycle in step-over stair ascent. At this rate, the 2800mAh
batteries would support approximately walking 11000 steps or
climbing 4000 steps on stairs.

Gait symmetry is an important index of prosthesis evalua-
tion [25]. Symmetry is calculated by two parameters: correla-
tion coefficient (CC) and percentage range of angle change
(PRA). The CC can compare the shape similarity of the
two curves, but not the amplitude. Therefore, the PRA is
introduced and calculated as follows.

P R A =
R Aa − R Ah

R Ah
× 100% (17)

R Aa and R Ah represent the angle range of the affected side
and the healthy side respectively. In addition, as described in

Fig. 11. Knee angle and torque for level walking.

the Section I, we expect to be compatible with low passive
friction and high torque output through the HSAK. Therefore,
the peak knee flexion angle in level walking and the peak
active extension torque in stair ascent are also important
evaluation indicators.

A. Level Walking
Fig.10 shows the hip joint angle and torque results for

level walking. The movement angle of the hip joint when the
subjects used the HSAK prosthesis (CC: 0.96, PRA: −5.26%)
was closer to that of the healthy hip joint, relative to their daily
use prostheses (CC: 0.94, PRA: +19.24%). Furthermore, the
HSAK increased the CC value of hip torque from 0.82 to 0.84,
while root mean square (RMS) value of hip torque decreased
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Fig. 12. Hip angle for stair ascent.

from 0.45Nm/kg to 0.42Nm/kg. Additionally, as shown in
Fig.11, which displays the knee angle and torque results for
level walking. Compared with the daily use prosthesis, the
knee trajectory using the HSAK, was more correlated with
the healthy data (CC of daily use: 0.88, CC of HSAK: 0.94)
and the total range is closer to the health data (PRA of daily
use: −21.07%, PRA of HSAK: −9.53%). Moreover, the knee
angle curves show that the HSAK supported the weight of the
amputee with no knee flexion in the ES phase, which verified
the locking ability of the rotary valve. Due to the low passive
friction, the peak knee flexion angle in the passive SF phase
produced by the subjects wearing the HSAK (59.34◦) was
equivalent to 93.34% of the healthy body, while that produced
by daily use devices (51.57◦) was equivalent to 81.12%.
Meanwhile, the CC value of the knee torque corresponding
to the daily use of the prosthesis was 0.56, while that to the
HSAK prosthesis was 0.46.

B. Step-Over Stair Ascent
Amputees with the HSAK and healthy subjects can com-

plete the step-over stair ascent, so a complete gait is defined as
the heel striking the first stair to the heel striking the third stair.
When wearing the daily use knee, the affected side cannot
cross the second stair and had to climb stairs step by step
to the third stair. As shown in Fig.12, when the HSAK was
employed, the hip angle (CC: 0.73) was significantly closer
to the healthy data compared to prostheses used daily (CC:
0.12). When wearing the HSAK, in order to ensure that the
affected side smoothly crosses the stairs, the maximum flexion
angle of the hip was higher than the healthy side, which
further led to a larger PRA (+28.89%). When wearing daily
prostheses, the hip range of motion was obviously smaller
(PRA: −26.82%) because the subjects could only go ascent
with step-to stair. In Fig.13, when using the daily use devices,

Fig. 13. Knee angle and torque for stair ascent.

the almost unbending knee joint resulted in quite low CC and
PRA values (CC: 0.04, PRA: −84.94%). In contrast, when
the HSAK was used, an obvious knee flexion and extension
process was observed (average peak knee flexion of 83.39◦),
and the CC and PRA values (CC: 0.93, PRA: +1.09%) were
significantly improved. At the beginning of the gait cycle,
the initial knee angles of the HSAK (57.01◦) were less than
that of healthy people (68.51◦). In the AS phase, the peak
normalized torque generated by the HSAK for the two objects
were 1.09Nm/kg and 0.81Nm/kg, respectively, which means
that the maximum output torque was more than 60Nm.

V. DISCUSSION

A. Characteristics of the HSAK and Tradeoffs Relative to
Other Prosthesis Types

HSAK developed a closed hydraulic system that integrates
the active drive and damping control subsystems while oper-
ated independently. For level walking, during the early stance
phase the HSAK provided stable support through the locked
joint via the valve while consuming no electrical energy except
for the necessary hardware circuits. Subsequently, during the
swing phase, the prosthesis provided free flexion via the damp-
ing subsystem and power extension via the active subsystem.
For stair ascent, the active subsystem worked all the time.
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The HSAK outputted sufficient torque during the active stance
phase and offered adequate flexion angle to cross the stairs
during the swing phase. In addition, the battery can meet the
endurance needs of amputees’ daily activities.

The HSAK significantly improves knee flexion angle
(Fig.11 and Fig.13) and gait symmetry, relative to the con-
ventional PKs in daily use, especially in stair ascent (Fig.12
and Fig.13). As also the hip torque required for walking
was reduced by 7% by the HSAK (Fig.10). Our preliminary
validation of the two amputees shows a good biomechanical
match between the affected side and the healthy side. When
compared to other SAKs, the HSAK eliminates the mechanical
devices of gears and lead screws through the two separate
subsystems and solves incompatible problems with both free
swing (Fig.11) and adequate torque output (Fig.13).

In Fig.11, the HSAK flexed naturally following the stump
movement in the PS and SF phases like the PKs. Despite
passive motion, the maximum flexion angle was about 60◦ due
to low friction, which satisfies the swing clearance requirement
and is comparable to the active swing flexion prosthesis [22],
[26]. Then, in the SE phase, the knee joint was fully extended
by the active motor to strengthen the stability of walking,
which like the active extension prosthesis [23]. In Fig.13,
HSAK produced adequate peak torque (more than 60Nm) to
help amputees climb stairs, comparable to AKs [7], [14], [22].
Thus, as a SAK, the HSAK achieves the flexibility of passive
prosthesis, the stability of active prosthesis, and the powerful
active torque by considering both low passive friction and large
active transmission ratio.

The HSAK adds the hydraulic damping adjustment elements
in comparison to AKs, and adds a hydraulic pump and a higher
power motor in comparison to other semi-active prostheses.
In addition, a large capacity battery of 2800mAh was selected.
These components result in an increase in the weight of the
prosthesis, but it is worth it compared to the advantages of the
driveline.

The performance parameters of HSAK and several typical
prosthesis knees are compared as shown in Table I. The Utah
AVT Knee [18] is a semi-active prosthesis with a larger
transmission ratio, but does not permit rapid transition between
low impedance and high torque. Compared with [19], the
HSAK can quickly shift motion modes. In addition, the
HSAK provides variable damping in flexing and active assist
in extending rather than fixed damping. Compared to other
semi-active knee joints [23] and [26], the HSAK can output
about 6 times of active torque.

B. Limitations
For safety reasons, the knee was locked in the ES phase

of level walking, which limits further improvement of gait
symmetry and the leads to increase hip work and power [35].
In some cases, the electric prosthesis recovers electrical energy
during swing flexion [22], while the HSAK cannot recover and
consumes a little energy to adjust the damping force. As in
stair ascent, in comparison with healthy human data [34],
the HSAK supplies a smaller initial knee and hip angle.
Because the artificial foot with no dorsiflexion affected the

TABLE I
COMPARISON OF PERFORMANCE PARAMETERS OF TYPICAL

PROSTHETIC KNEES

knee and hip further flexion. In addition, HSAK is heavier than
semi-active prostheses [23], [26], less than or close to active
prostheses [12], [22], which is a limiting factor for further
application.

VI. CONCLUSION

This study developed a hydraulic semi-active knee (HSAK)
prosthesis as a new solution for active knee prosthe-
ses. The most current active knee prostheses driven by
hydraulic-mechanical coupling or electromechanical systems
always lead to the incompatibilities between the low passive
friction and high transmission ratio. To solve the problem, the
HSAK integrates independent active and damping subsystems.
The damping subsystem provides damping adjustment to meet
low passive friction and high damping support, and the active
subsystem provides high transmission ratio to offer adequate
torque. The design, manufacture and experiments of the pro-
posed prosthesis are presented in detail.

In bench-top experiments, the drive system provides a mini-
mum passive motion resistance of 3N and a maximum passive
auxiliary torque of 4.42Nm. In human subject experiments,
the HSAK significantly improves knee flexion angle and
gait symmetry compared with the daily-use devices. In level
walking, due to low friction, the HSAK passively follows
the thigh stump movement with a maximum flexion angle of
about 60◦, comparable to the active swing prostheses [22],
[26]. Then the prosthesis provides active assistance to fully
extend the knee joint in swing extension like an active knee.
In stair ascent walking, the peak active torque generated by the
HSAK is more than 60Nm, comparable to AKs [7], [13], [22].
The new design proposed a way to endow the knee prosthesis
with the flexibility of the passive prostheses, the stability of
the active prostheses and the powerful active torque. One
limitation of the HSAK is weight and could be improved in
the future with smaller pumps and actuators.
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