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The existing lower limb prostheses with passive knees have disadvantages, causing an asymmetric
gait and higher metabolic cost during level walking which is in contrast with a normal gait. However, most
existing active knee prostheses need a significant amount of energy. In this paper, a novel hybrid passive—active
knee prosthesis (HPAK) that allows passive and active operating modes is proposed, which contains an active
motor unit and a novel hydraulic damper with an electrically controlled valve that adjusts the damping torque
dynamically during each gait cycle. An energy consumption model was built to evaluate the energy consumption
when walking on level ground in three different simulation conditions to, respectively, simulate the complete
HPAK, an ordinary active prosthesis (AKP) and an ordinary passive prosthesis (PKP). The results show that,
in a cycle, the HPAK consumes only 16.19J, which is 3.6 times lower than the AKP (58.95J), and the PKP
consumes only 1.24J due to the novel spring—hydraulic damper structure designed and presented in this paper.
These results indicate that the proposed novel hybrid passive—active knee prosthesis can have a positive effect on
reducing energy consumption and improving the approximation of healthy gait characteristics when walking on

level ground, contrasting with active or passive knee prostheses.

Every year, thousands of people around the world lose their
lower limbs because of circulatory and vascular problems,
complications associated with diabetes or cancer and trauma.
In China, the number of lower limb amputees is about 2.2
million, according to the data calculation of the China Dis-
abled Persons’ Federation in 2010 (Persons’ Federation,
China Disabled, 2010).

Body modification resulting from transfemoral amputation
severely affects gait biomechanics (Cappozzo et al., 1982)
and increases the risk of injuries in the pelvis, spine (High-
smith, 2019) and healthy leg. Therefore, it is necessary to
develop an effective prosthesis to recover the lost mobility
and assist amputees in participating in their daily activities.
In the past decades, a scientific and technological innovation
has taken place in the prosthetic industry due to cutting-edge

developments in materials, electronics, sensors and actuators.
In general, microprocessor-controlled prosthetic knees can
be grouped into two main categories, namely passive and ac-
tive (Torrealba et al., 2019).

The passive prostheses can dissipate energy with ad-
justable dampers and respond to changes in walking speeds
and kinds of movements. Cao et al. (2018a) designed a new
type of single-axis hydraulic damping knee prosthesis based
on the analysis of the physiological gait and proposed the
training methods of the stance and swing phase. Seid et
al. (2018) developed a magnetorheological (MR) damper
valve that is mainly used to adjust the swing phase damp-
ing of knee prosthesis. The MR damper, with the developed
damper valve, enabled the prosthetic knee to accomplish a
near-healthy swing phase trajectory and reduced the weight
by 71 % compared to the existing MR damper. Nevertheless,



passive prostheses cannot support activities requiring posi-
tive energy, such as climbing stairs and slopes or standing up
from the seated position, leading to high metabolic energy
consumption and an asymmetrical gait (Price et al., 2019;
Cao et al., 2018b).

Active prostheses have been proposed to advance func-
tionality beyond the limits of passive prostheses (Ahn et
al., 2017; Rupar et al., 2017; Pieringer et al., 2017). Sup et
al. (2009) designed a self-contained anthropomorphic active
knee prosthesis. The prototype consumed 66 W when walk-
ing on level ground, considering 1.38 s per cycle, and the av-
erage power consumption was 91.08 J per cycle. Geeroms et
al. (2017) designed a novel semiactive knee prosthesis with
a lockable parallel spring. The prototype consumed 65 J per
cycle when the experiment was performed at 3 s per cycle due
to the limitation of the output motor speed. Tran et al. (2019)
proposed a fully powered knee prosthesis with an actively
variable transmission. However, in their research, the advan-
tage of a power source is mainly focused on stair ascent, and
the low energy consumption when walking on level ground
is mainly due to the complete inability of stance flexion and
stance extension. For active knee prostheses that can achieve
stance flexion, their actuators must adapt to a wide range of
speeds and torque to support different activities and supply
power throughout the day (Goldfarb et al., 2013). As aresult,
active prostheses provide the capability to perform activities
with active power, but substantial deficiencies due to energy
consumption, weight and battery life, in turn, decrease their
acceptability and clinical feasibility (Park et al., 2016). Novel
designs are required to lower the energy consumption of ac-
tive prostheses while still allowing wearers to complete a
wider variety of activities than traditional passive prostheses
(Andrade et al., 2019).

In this paper, a novel hybrid passive—active knee prosthe-
sis (HPAK) that allows passive and active operating modes
is proposed. The hybrid actuation system consists of a
microprocessor-controlled hydraulic damper and an active
motor unit. The actuator can function as a damper or motor,
recreating the healthy knee behaviors. Given the difficulty in
comparing energy consumption among different prostheses
because the energy consumption will depend on the wearer’s
weight and can vary greatly among different prototypes, it
makes sense to evaluate the energy that a prosthesis con-
sumed under different simulation conditions to obtain the
optimal relationship between performance and energy con-
sumption. In this paper, the energy consumption was eval-
uated under three different conditions, namely the complete
HPAK operating, just the active motor unit operating, simu-
lating a hypothetical active knee prosthesis (AKP), and only
the hydraulic damper operating, simulating a hypothetical
passive knee prosthesis (PKP).
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Conceptual depiction of the hybrid passive—active knee
prosthesis.

The proposed hybrid passive—active knee prosthesis, as
shown in Fig. 1, consists of two main functional elements,
namely (a) a hydraulic damper, which utilizes a hydraulic
cylinder with an electrically controlled valve that adjusts the
damping torque dynamically during each gait, and (b) an ac-
tive motor unit, which consists of the active motor and the
transmission system.

To determine when driving torque or damping torque is
needed when walking on level ground, the normalized knee
power Pk was defined, as shown in Fig. 2, based on the gait
data from Awad et al. (2016) and Pietraszewski et al. (2012).
It is observed that most of the phases produce negative en-
ergy when walking on level ground, except for the initial
stage of the swing extension phase and the stance exten-
sion phase between 15 % and 44 % of the cycle. During the
stance extension phase, the knee joint is extended to increase
the center of gravity to avoid the opposite toe touching the
ground.

From the analysis of knee power during one gait cycle, it is
determined that an active operating mode (II) is used in the
stance extension phase between 15 % and 44 % of a cycle,
and a passive operating mode (I) is used in the rest phases.
The positive energy required during the initial stage of the
swing extension phase is expected to be provided by the en-
ergy stored by the spring in the swing flexion phase rather
than by the active driving unit, thus reducing the number of
switches between active and passive modes and reducing en-
ergy consumption.

Based on idea above, the complete schematic diagram of
the hybrid actuation system is proposed, as shown in Fig. 3.
During passive operating modes, only the hydraulic damper
is used to provide damping torque. A spring is arranged in
the hydraulic cylinder. When the knee flexes, the piston rod
moves downward, and the spring compresses and stores en-
ergy. When the knee extends, the spring releases energy. The
upper and lower ends of the hydraulic cylinder, respectively,
lead out two hydraulic oil channels with one-way valves in
different directions, forming a flexion hydraulic oil circuit
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Operating modes of the HPAK when walking on level
ground.

and an extension hydraulic oil circuit. An electrically con-
trolled valve can simultaneously adjust the hydraulic oil flow
in both circuits so as to adjust the flexion and extension
damping torque dynamically. During active operating modes,
the hydraulic damper is adjusted to the minimum damping,
and the active motor unit works to provide driving torque.
The transmission system of the active motor unit includes a
timing belt and a ball screw, and the nut of the ball screw is
connected with the bottom of the piston rod. When the active
motor rotates, the ball screw can convert the rotary motion
into linear motion, thus driving the piston rod movement.

Figure 4 shows the 3D CAD model of the HPAK, which con-
sists of three main components, namely (1) the outer struc-
ture, connected to the thigh and the bottom of the prosthe-
sis, including the external housing and four-bar linkage, (2)
the hydraulic damper—spring unit and (3) the active motor
unit. Figure 5 shows the internal mechanical schematic for
the HPAK.

The active motor unit includes an electronically commu-
tated (EC) motor, a ball screw and timing belt arrange-
ments. The EC motor (Maxon Motor AG; EC-4pole 30; 32V,
150 W) drives the ball screw (THK ball screw; pitch diameter
6 mm; lead Pg = 1 mm; static—dynamic load ratings 0.54—
0.94kN; efficiency 89 %) with a timing belt transmission
(teeth ratio — i = 44 : 22). The timing belt is chosen to adapt
to the axis distance between the motor and the screw when
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The complete schematic diagram of the hybrid actuation
system.

the motor rotates at high speed. The nut of the ball screw is
linked to the piston rod so that the driving torque generated
by the motor can be transmitted to the knee joint.

The hydraulic damper—spring unit employs a hydraulic
cylinder with a novel fan valve controlled by a single direct
current (DC) motor (Maxon Motor AG; DCX 10 L; 4.5V,
1.5 W; gear stage 16 : 1) that dynamically adjusts both flex-
ion and extension resistances throughout each gait cycle. As
shown in Fig. 5, the two oil channels mentioned above co-
incide with the two valve grooves of the fan valve and two
notches on the valve, respectively. The fan valve rotates con-
tinuously to adjust the overlapping area between the valve
grooves and the hydraulic oil channels. Varying the valve
angle between the primary positions adjusts the impedance
to flow. Thus, the valve can adjust the required damping for
stance flexion (mode I-1), preswing (mode I-2), swing flex-
ion (mode I-3) and swing extension (mode [-4) at different
speeds and for different activities. To convert the flexion and
extension resistance to torque, the hydraulic damper is con-
nected to the four-bar linkage through the piston rod.

The hydraulic damper is a spring—damper system. It gen-
erates a real-time varying damping torque during negative
net energy tasks. The damping torque (tkq) of the hydraulic
damper on the knee prosthesis can be obtained as follows:

Td = (Fy +kAx)L, (D

where k is the elastic constant of the compression spring, Ax
is the displacement of the piston rod, and L is the distance
between the rotating center of the knee joint and the piston
rod of the hydraulic cylinder, i.e., the length of the effective
moment arm.
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The resistance of the hydraulic cylinder can be represented
as follows:

F = APA, )

where A is an effective flow area of the cylinder, and AP
is the pressure of the cylinder, which can be represented as
follows:

_ pA?V?

=—, 3
2C3A} )

where V is the speed of the piston rod, Ay is the flow area of
the fan valve channel, C is the flow coefficient of the valve,
and p is the density of hydraulic oil.

The change in hydraulic damping torque is achieved by ad-
justing the rotation angle of the fan valve, as shown in Fig. 4.
The flow area of the fan valve channel can be determined by

the following:
d d 2
Ao = 2/ <—> —12dt, 4)
r[cos(55°—a)—sin35°] 2

where « is the rotation angle of fan valve, r is the radius of
fan valve, and d is the diameter of the extension and flexion
channels.

From Eqgs. (1) and (4), the hydraulic damping torque at the
knee can be represented as follows:

pA3V?
2| d d
8Cy [fr[cos(55°—a)—sm35°]\/ (57— tz]

In this paper, r =5mm, d=2.50mm, p =870 kg/m3,
A=537x10"*m?, Cy = 0.7 and k = 1.40 x 10> N/m.

Tid = 5 +kAx | L. 4)

Anthropometric measurements and gait parameters.

Parameter Values
Walking speed  1.36 m/s

Body weight 76.3 £6.8kg
Body height 1795 £76 mm
Thigh length 536 + 30 mm
Shank length 400 £ 04 mm

The energy consumption model mainly simulates the nor-
malized knee torque and angle trajectory through the hybrid
actuation system of the HPAK. It mainly calculates the power
consumption of the active motor (EC-4pole 22) and passive
motor (DCX 10 L) of the active motor unit and hydraulic
damper, respectively, in a gait cycle and ignores the con-
sumption due to controller electronics. The normalized knee
torque (tx) and knee angle () are based on the gait data of
Awad et al. (2016) and Pietraszewski et al. (2012), as shown
in Fig. 6. The anthropometric measurements and gait param-
eters are shown in Table 1.

In contrast to the active motor as a direct torque source,
the passive motor adjusts the oil flow impedance of the hy-
draulic damper by controlling the valve rotation angle, so
the valve rotation angle trajectory in a gait cycle needs to
be determined. The passive motor rotates according to the
valve rotation angle for which the response time is close to
10 ms. Considering both energy consumption and physiolog-
ical gait characteristics, the corresponding valve rotation an-
gle in each operating mode is depicted in Fig. 7. When the
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heel strikes, the ground reaction force is strong, and the knee
prosthesis plays a primary role in absorbing terminal shocks
and supporting the body weight. The knee prosthesis should
possess high stiffness and damping, so the flexion channel is
closed by the passive motor controlling the fan valve, caus-
ing it to rotate 35°, at which time the knee flexion is locked
and the extension is free. During stance flexion (mode I-1),
the flexion damping is high, with the fan valve rotating at
10° to enable the knee joint to flex, while ensuring security,
and the extension damping is free to prepare for the next gait
phase. During the preswing (mode I-2), the fan valve is in
position so that both the flexion and extension channels are
fully open, leaving both damping free to enable swing flex-

Active motor unit
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/ EC motor
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B
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channel

ion. During swing flexion (mode I-3) and swing extension
(mode I-4), the passive motor controls the rotation of the fan
valve to provide the same damping torque as the normalized
knee torque, which can be expressed as follows:

(6)

Tkd = Tk-

To solve Eq. (6), the speed of the piston rod (V) and the
length of the effective moment arm (L) should be solved first.
The HPAK adopts a four-bar linkage, and its equivalent dia-
gram is shown in Fig. 8. Figure 8a shows the full extension of
the prosthesis, and Fig. 8b shows the prosthesis flexion with
6. Since both the driving torque and the damping torque
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Normalized knee torque and knee angle as inputs to the
simulation target.

are applied first to the piston rod and are then transmitted
to the knee joint, the hybrid actuator can be simplified as a
prismatic pair in kinematic analysis. The dimensions of the
bars are determined as /; = 22 mm, [, = 44 mm, /3 = 35 mm,
l4 =50mm, [5s =38 mm, lg = 13 mm, /7 = 8§ mm, /g = 3 mm
and 01 = 20°. As shown in Fig. 8, the length of the effective
moment arm L and L’ is the distance between the rotating
center of the knee joint and the piston rod of the hydraulic
cylinder. The equivalent model was established in Adams
(MSC Software), and the normalized knee angle (6x) shown
in Fig. 6 was used as the driver for the kinematics simula-
tion, thus obtaining V and L of the whole gait cycle shown
in Figs. 9 and 10. The known values of V, L and ti were sub-
stituted into Egs. (5) and (6), and the rotation angle of the fan
valve during the swing flexion (o) and during swing exten-
sion (ae) were calculated in MATLAB, as shown in Fig. 11.

Figure 12 shows the block diagram of the energy con-
sumption model used in the simulation. The normalized knee
torque (ti), the speed of the piston rod (V), the length of the
force arm (L) and the valve rotation angle () obtained by
simulation were stored in the MATLAB workspace and were
called inputs to the model in Simulink. The output torque of
the active motor as a driving torque source was in proportion
to the input current. The open loop torque response of the
active motor input current was obtained by bench tests, as in
Eq. (7). A proportional-integral (PI) controller was adjusted
to make the subsystem respond quickly and stably, and its

Controllers parameters.

Parameter Active motor unit
Kp 0.243
K; 17.21

Rise time (ms) 40 ms
Overshoot (%) 0%

parameters are listed in Table 2.

T(S) 121
I(S)  0.055+1°

(N

For the HPAK, the conversion between the active motor
unit (yellow) and the hydraulic damper (green) was realized
by using a finite state controller. The conversion basis was the
gait cycle period. The active motor unit operated just from
15 % to 44 % of the cycle. In the other gait phases, damping
torque was needed, which was developed by the hydraulic
damper. For the AKP, only the active motor unit model oper-
ated throughout the whole gait cycle. For the PKP, only the
hydraulic damper model operated during the entire gait cy-
cle.

The power consumption of the system was estimated
based on the electric power consumption, as shown in the
orange block in Fig. 12. In this analysis, consumption due
to controller electronics was ignored. Full DC motor models
were used to determine the electric power consumed by the
active motor and the passive motor, as shown in the follow-
ing:

Py =Uql,
d
U, = Laala + Raly +kpawy
_ Vix60x1073
Wa = P ) s (8)
_ _ o4 | wdflkva —kpawa __ (Wkva—kpa)wy
Pa= Ud‘ld T ka ' LeStR: T~ LaSFRokua
wq = 16a

where P, and P; are the motor power, I, and I; are the
armature current, U, and U, are the armature voltage, L,
and L, are the armature inductance (L, = 3.10E —5H and
Ly =4.53E —5H), R, and R; are the armature resistance
(R, =0.34Q2 and Ry =2.90Q), w, and w, are motor speed,
kpq and kpq are the motor electrical constant (kp, = 1.35 E-
2Vs/rad and kpg = 3.52E-3Vs/rad), and k,; is the mo-
tor speed constant (kyg = 283.74 rad/s V). The motor’s effi-
ciency is 89 % and 75 %, respectively, and the reducer effi-
ciency is a function of speed, according to the catalogs.

The energy consumption evaluation of the HPAK through-
out a cycle can be obtained from the electric power consump-
tion, as shown in the blue block in Fig. 12, which can be
presented as follows:

E:/lP(t)|dt. )
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Figure 13 shows the comparison between the normalized
torque and the torques applied at the knee joint by the ac-
tive motor unit in the whole phase of the AKP and in the
stance extension phase of the HPAK. The torque curve of the
active drive motor is also shown in Fig. 13. It can be seen
from the figure that the active motor unit can provide torques
highly similar to the normalized knee torque. In the stance
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Speed of the piston rod.

extension phase, the maximum torque need required by the
active motor is 105.4 mN m, while the maximum continuous
torque provided by the active motor is 106 mN m, according
to the catalogs, so it can meet the requirements of the human
body.

Figure 14 shows the power consumed by the HPAK (green
points), the AKP (blue squares) and the PKP (gray circles)
during a gait cycle.
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The AKP consumes more power at four different times.
First, when the heel strikes the ground at the start of the cy-
cle, the prosthesis plays a primary role in absorbing termi-
nal shocks and supporting the body weight due to the strong
ground-reacting force. Second, during the stance extension
phase, between 15 % and 44 % of the cycle, the knee joint
is extended to increase the center of gravity and to avoid the

opposite toe touching the ground. Third, during the preswing
phase, between 44 % and 60 % of the cycle, when the healthy
leg enters the stance phase, the hip continually extends and
the knee extensors contract eccentrically to project the body
weight onto the knee. Fourth, from 85 % to 95 % of the end
of the cycle, the eccentric contraction of the flexors slows
down the extension of the knee joint to reach the initial heel
striking position. In the second moment, power must be pro-
vided to increase the center of gravity, while, in the other
three periods, energy must be dissipated to decrease the joint
acceleration.

The PKP consumes the least power of the three simulation
conditions. In the stance phase, only a small amount of power
consumption is generated at the moment of the heel striking
and entering the two phases of stance flexion and preswing.
In the stance phase, despite the passive motor working con-
tinuously, the power consumed in this cycle interval is not
high due to the small range of the motor rotation angle and
the low rotation speed of the motor. The huge difference
in power consumption between the AKP and the PKP also
proves that it is energetically unfavorable to use electric mo-
tors as a damper, as expected.

The HPAK uses the active motor unit only when driving
torque is required between 15 % and 44 % of the cycle. When
power needs to be dissipated, only the hydraulic damper op-
erates. This strategy results in much lower power levels than
the AKP, especially in the swing phase when consumption is
higher.

Figure 15 presents a comparison of the energy consump-
tion under the three simulation conditions. The energy con-
sumption of the PKP is only 1.24], which is lower than
that of most other passive prostheses. For example, Mousavi
and Sayyaadi (2018) proposed a magnetorheological (MR)
damper via a T-shaped drum with an arc-form surface bound-
ary for passive knee orthosis. The prototype consumed 5.8 W
when walking on level ground, considering 1.7 s per cycle,
and the average energy consumption was 9.86J per cycle.
A knee prosthesis with an MR damper, manufactured by the
Ossur company, was also used for comparison in the research
of Mousavi and Sayyaadi (2018), and its average energy
consumption was 10.03J per cycle. Martinez-Villalpando et
al. (2008) from MIT proposed an agonist—antagonist active
knee prosthesis. When walking on level ground, however,
this design permitted the use of a passive control scheme,
while the active elements were used primarily to indepen-
dently control the engagement of each tendon-like spring,
thereby controlling the transformation of potential energy
into kinetic energy, so it could be considered as a variable-
stiffness passive prosthesis in level ground walking. Sim-
ulation results predicted a minimal energy consumption of
5.661] per cycle, assuming an average gait cycle duration of
1.22 s per cycle. To sum up, the PKP proposed in this paper
can effectively reduce energy consumption, which mainly
benefits from the spring—hydraulic damper structure design
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with novel fan valve and the effective damping control strat-
egy.

The AKP consumes a total of 58.95J of energy during the
cycle (Fig. 15; blue squares). The AKP in this paper repre-
sents a class of active knee prostheses with a single actuator
transmission system directly coupled to the knee joint. Sim-
ilar to the AKP, Sup et al. (2009) designed an active knee
prosthesis with an actuator based on a 200 W brushless mo-
tor powering the knee joint through a ball screw and consum-
ing 91.08J per cycle. The energy consumption of this kind
of direct drive actuation is generally high, as the motor will

Gait Cycle [%]

The power consumed by the HPAK (green points), the
AKP (blue squares) and the PKP (gray circles) during a gait cycle.

consume electrical power during those phases when it is not
producing mechanical output energy. To solve this problem,
hybrid passive—active actuation is a good solution, as it can
be divided into two strategies, namely (1) coupling the inde-
pendent damper and the power source and (2) combining the
power source and elastic elements to realize the elastic driv-
ing, so as to store and release energy in the gait phases. The
HPAK in this paper belongs to the former strategy.



70

I-1 I I-2 1-3 I-4

60 0 AKP energy consumption
=
5 o PKP energy consumption

< x HPAK energy consumption
=)
s
z 40[
I
£
2
=
S
T 30f
&0
-
@
=
=

20} &

]
u]
O

Flex
%

a
10| o
o

00000QO00000000GPO00000000ENOA00003C000000000C0000CC0]
0 10 20 30 40 50 60 70 80 90 100
Gait Cycle [%]

Energy consumption under the three simulation condi-
tions when walking on level ground.

The HPAK consumed only 16.197J (green circles; Fig. 15),
which is 3.6 times lower than the AKP. It is worth noting
that the greatest energy consumed by the HPAK occurs dur-
ing the stance flexion phase, especially between 10 % and
21 % when the knee prosthesis needs to support the body
weight and ensure safety, during the preswing phase, espe-
cially between 48 % and 60 % when the hip extension results
in increased pressure being projected on the knee, and dur-
ing the swing phase, between 90 % and 100 % of the cycle
(terminal swing) when the angular velocity is high. Along
with the HPAK, there are other knee prostheses using the
former strategy, such as the prosthesis proposed by Park et
al. (2016), which was equipped with the MR damper and
EC motor, and the semiactive knee proposed by Lambrecht
et al. (2009), which combined a passively damped hydraulic
device with a fully active device. In the knee prostheses with
hybrid passive—active actuations using the latter strategy, the
MIT clutchable series elastic actuator (CSEA; Rouse et al.,
2014) is the typical one. Based on their previous research,
the team from MIT presented the CSEA which comprised a
clutchable series elastic actuator with a DC motor and a low-
power (6 W) electromagnetic clutch that was used to store
the energy in the springs more efficiently by locking the mo-
tor. The control strategy was also improved by adopting the
hybrid passive—active driving strategy that supplied positive
power in the early swing flexion phase and the early swing
extension phase and nonlinear damping in other phases. Ben-

efiting from the clutch mechanism, the net electrical energy
consumption was only 3.6J per cycle, but it also brought
the drawbacks of limited maximum impedance and no ad-
ditional torque provided by the motor when the clutch is ac-
tivated, which can be avoided by the HPAK proposed in this
paper. The above results suggest that it is a good method to
use a driving torque supply (active motor unit) throughout
the stance extension phase and an adjustable damping torque
supply (hydraulic damper) to dissipate energy in order to re-
duce the energy consumption of a prosthesis without affect-
ing the gait symmetry. Prototype production and subject tests
to further verify the reliability of the mechanism will be con-
ducted in future work.

This paper presented the design of a hybrid passive—active
knee prosthesis (HPAK) that can provide driving and damp-
ing torque. The energy consumptions of the HPAK under
three different simulation conditions were also evaluated by
computer simulation, namely (a) the complete HPAK oper-
ating, (b) only the active motor unit operating and simulating
an active knee prosthesis (AKP) and (c) only the hydraulic
damper operating and simulating a passive knee prosthesis
(PKP). The results showed that HPAK, which used the active
motor unit only throughout the stance extension phase when
the body’s center of gravity is required to increase, consumed
3.6 times lower energy than the AKP, which used the active
motor unit in the entire gait cycle, just like some other ac-
tive prostheses in the market. In addition, the PKP consumed
very low energy, which is attributed to the spring—hydraulic
damper structure designed in this paper, which can only real-
ize one motor adjusting two channels. These results suggest
that, (a) in order to reduce the energy consumption and main-
tain the gait symmetry of an active prostheses, it can play an
important role in utilizing the active power supply only when
driving torque is required, and the energy dissipation needs
to be completed by low power consumption and adjustable
dampers; in addition, (b) the proposed novel hybrid passive—
active knee prosthesis can perform well to reduce the energy
consumption and improve the approximation of healthy knee
behavior when walking on level ground, compared to active
or passive knee prostheses.

All data included in this study are available
upon request from the corresponding author.
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