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Abstract— In this paper, we present the working prin-
ciple and conceptual design toward the realization of a
fully-passive transfemoral prosthesis that mimics the ener-
getics of the natural human gait. The fundamental property
of the conceptual design consists of realizing an energetic
coupling between the knee and ankle joints of the mech-
anism. Simulation results show that the power flow of the
working principle is comparable with that in human gait
and a considerable amount of energy is delivered to the
ankle joint for the push-off generation. An initial prototype
in half scale is realized to validate the working principle.
The construction of the prototype is explained together with
the test setup that has been built for the evaluation. Finally,
experimental results of the prosthesis prototype during
walking on a treadmill show the validity of the working
principle.

Index Terms— Prosthetics, user centered design, biome-
chanics, kinematics, dynamics, motion analysis.

I. INTRODUCTION

TRANSFEMORAL amputation, caused e.g., by trau-
mas or diseases, results in the loss of both the knee

and ankle joints. The increasing numbers of diabetes patients
and war casualties especially reflect the importance of
prosthetics as a replacement of the lost limb and related
muscles/tendons [1]. The estimation of the World Health Orga-
nization is that almost 30 million people (up from 24 million
in 2006) in the combined areas of Latin America, Africa,
and Asia [2] need prosthetic limbs, braces or other assistive
devices.
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In the prosthetic field, most of the transfemoral prostheses
are based on intrinsically passive designs and use damping
systems for the knee joint mainly to guarantee the stability
of the lower leg. However, a transfemoral amputee consumes
about 65% extra metabolic energy for walking with a con-
ventional passive transfemoral prosthesis at normal speed [3].
Clearly, this energy can differ depending on the condition
of the amputee and the reason of the amputation. However,
presumably one of the main reasons is the absence of the
energy transfer between the prosthetic joints, i.e., the knee and
the ankle [4]–[6]. As shown in [7], the excessive power request
(almost three times more) at the hip joint of the amputated leg
is indeed due to the lacking of energy transfer between the
prosthetic joints.

Due to the absence of energy transfer between the knee
and ankle joints, even the microprocessor controlled trans-
femoral prostheses have not shown a large reduction of
metabolic energy consumption down to the natural walking.
Very well-known example of this type of prostheses, C-Leg,
employs a controlled damper, whereas one other example uses
a magneto-rheological fluid with varying viscous characteris-
tics as a controllable damper for the automatic adjustment of
the prosthesis [8]–[10]. It has been shown that the walking
quality improves with this kind of prosthesis [11] and the oxy-
gen consumption decreases during walking at varying speeds
compared with the passive transfemoral prostheses [12], [13].
Even though microprocessor controlled prostheses have shown
better performance than passive types, they are still far from
mimicking the natural walking in terms of metabolic energy
consumption. In order to reduce the metabolic cost of the
amputee and improve the gait symmetry, several transfemoral
prostheses have been designed that inject power to the knee
and ankle joints separately. The actuation is applied by means
of pneumatic [14], electrical [15]–[17], or hydraulic [18]
actuators.

Some other designs that combine the powered and damped
transfemoral prostheses have been presented as a semi-active
knee prosthesis [19] and one design study on powered knee
prosthesis proposes to use a series elastic actuation for
reducing the net power consumption [20]. However, the com-
plex nature of the knee joint, the control design and the high
power demand from the actuators make this kind of prosthetic
designs not yet compact, lightweight, enduring and, more
importantly, affordable for the amputees.
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Fig. 1. The power flow of the healthy human gait normalized in body
weight in the knee (top) and the ankle (bottom) joints during one stride [7].
The areas A1,2,3 indicate the energy absorption, whereas G indicates
the energy generation. The cycle is divided into three phases (stance,
push-off and swing) with three main instants (heel-strike, heel-off and
toe-off).

Studies on human gait have shown the great importance
of the power flow created by the muscles and the tendons
between the hip, knee and ankle joints in order to provide an
energetically efficient gait cycle [4], [5], [7], [21]. Moreover,
in terms of walking energetics one of the main functions
during walking are the ankle push-off generation and the
contribution of the knee and hip joints to this generation.
Therefore, the energy storage around the joints, as it takes
place in normal walking, and the energetic coupling between
these joints should be the key aspect in the design of an energy
efficient transfemoral prosthesis [6], [22].

In this work, we present the working principle and con-
ceptual design of a fully-passive transfemoral prosthesis. The
main objective of this study is to investigate the possibility
to realize the ankle push-off by mimicking the energetics
of natural human gait with a fully-passive system. More
specifically, the design guarantees to store mechanical energy
when available and to release it when required. A pre-
liminary study on the realization of this concept [23] has
shown promising results; in particular, a significant amount
of energy, as required for the ankle push-off generation, has
been achieved.

II. METHOD

A. Power Flow in Human Gait

In this Section, we analyses the healthy human gait from
an energetic point of view so to highlight the main features
that should be considered in the design of transfemoral pros-
theses. The power requirements at the knee and ankle joints
are defined based on the data from [7]. Fig. 1 highlights
one power generation interval (G), three absorption intervals
(A1, A2, A3), three instants (heel strike, heel-off and toe-off),
and three main phases:

• Stance: the knee absorbs a certain amount of energy
during its flexion and generates about the same amount

of energy for its extension. In the meantime, the ankle
joint absorbs energy due to the weight acceptance and
roll-over, represented by A3.

• Push-off: the knee starts absorbing energy, represented by
A1, while the ankle generates the main part of the gait
energy for the push-off, represented by G, which is about
the 80% of the overall generation.

• Swing: the knee absorbs energy, represented by A2, till
the end of swing, while the energy in the ankle joint is
negligible.

The energetic characteristics of the knee and ankle joints
as explained before and the analysis of the values of energy
absorption (corresponding to the areas A1,2,3) and genera-
tion (G) around these joints give insightful information. In par-
ticular, the knee absorbs about 0.09 J/kg between 52% - 72%
of the stride (A1) and 0.11 J/kg between 76% - 98% of the
stride (A2). On the other hand, the ankle absorbs approxi-
mately 0.13 J/kg between 0% - 44% of the stride (A3) and
generates about 0.35 J/kg for push-off between 44% - 62%
of the stride (G). These values show that there is almost a
complete balance between the generated and the absorbed
energy.

B. Working Principle

During human gait, the power flows from one joint of the
leg to another. The core of the analysis of the gait consists
in the consideration that human muscles are in charge of
efficiently transferring the energy between the leg joints. The
energy, G, generated during push-off is balanced by the total
energy absorbed by the knee (A1 and A2) and the ankle (A3).
This means that the ankle, in order to generate the push-off
efficiently, should exploit the energy absorbed by the knee.
Therefore, an energetic coupling between the knee and ankle
joints is at the basis of the efficiency of human gait: the energy
absorbed by the knee should be transferred to the ankle. This
evaluation is crucial in the design of transfemoral prostheses.
A passive and energy efficient prosthesis should rely on energy
transfers between the ankle, i.e. the main generator, and the
knee, i.e. the main absorber. This can be realized by properly
designing storage and/or coupling elements. The proposed
working principle relies on the energy storage and transfer
between the knee and ankle joints and it consists of two storage
elements. As summarized in Fig. 2, we introduce:

• A movable elastic element, C1, physically connecting
the upper leg and the foot and, therefore, coupling the
knee and ankle joints. This element is responsible for the
absorption A2 during the swing phase. Subsequently it is
also responsible for transferring the stored energy to the
ankle joint (by moving back its attachment point on the
foot, Fig. 2 - grey element) and for a part of absorption
of A3 during the stance phase.

• An ankle elastic element, C2, connecting the
foot and the lower leg, being responsible for the
main part of the absorption A3 during the stance
phase.

In the current design, the focus is on the energy absorptions
A2 and A3. Since the G and A1 occur simultaneously, there
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Fig. 2. Working principle of the proposed mechanism - The conceptual
design presents two storage elements, one linear spring C1 between the
upper leg and the foot on which the attachment point can move, and one
linear spring C2 between the heel and the shank.

Fig. 3. Sketch representation of the working principle of the movable
elastic element C1 during one stride (from toe-off to toe-off).

is no need for energy storage elements and this relation would
be realized with applying another mechanism. It is assumed
that during the stance phase and up to the push-off phase
the knee joint absorbs and generates the same amounts of
energy, so during this phase there is no net energy contribution
from the knee joint to the ankle push-off generation. This
assumption is also supported by the data from [24]. To simplify
the control of the knee joint during stance phase, the knee joint
is kept straight (hyper-extended to have an extension moment
with the loaded C1 element) for this phase.

1) Movable Elastic Element: The working principle of C1 is
depicted in Fig. 3 from toe-off to toe-off. In the beginning
of swing phase (1), the attachment point of the spring is
changed from back (P1) to the front part of the foot (P2). This
motion is realized by exploiting the kinematics of the knee
and ankle joints during push-off phase. As the lower leg starts
to swing forward, the ankle joint dorsi-flexes, thanks to this
elastic element, which provides sufficient ground clearance (2).
At the end of the swing, the spring is loaded (3) and its
position changes back to P1 during foot flat (4, 5) via a
trajectory that keeps the length of the spring unchanged and
therefore, this transfer is ideally realized without any energy
loss in C1. Finally, the energy stored in this element is released
to contribute to the ankle push-off (6, 7).

2) Ankle Elastic Element: During the stance phase, i.e. while
the ankle joint dorsi-flexes, a resisting torque is applied to the
ankle in order to bear the body weight. Instead of dissipating
the energy by using a brake system, the elastic element C2
is used for the absorption of A3 during stance, as it connects
the heel (P4) and lower leg (P5) and acts at the ankle joint
(Fig. 3). Note that also C1 contributes to the braking torque
by storing elastic energy with its further extension.

At the end of the stance phase, two elements are loaded and
are ready to release their total energy (A2 and A3) for the ankle

Fig. 4. Sketch representation of the working principle of the ankle elastic
element C2 together with the movable elastic element during stance
phase.

push-off. When the weight shift occurs at heel-off, these two
elements start releasing their stored energy around the ankle
joint for push-off generation. Note that a switching mechanism
is included to ensure that C2 is only active during stance phase,
thus there is no undesirable interference of C2 during swing.
This has been mainly done to avoid C2 working against C1
during swing, especially for realizing sufficient dorsi-flexion
on time to ensure the ground clearance. Since the activation
and deactivation of the storage elements take place when the
velocities of the related joints are zero, ideally no dissipation
is present.

C. Design Parameters With Human Kinematics

We derive the design parameters for the conceptual mech-
anism by using the energy absorption values of the healthy
human gait. In particular, for both swing and stance phases,
we identify the storage elements by using the bio-mechanical
data for a human of 1.8 m height and 80 kg weight [25]. For
the size and attachment points of storage elements, the design
choices have been made according to the kinematics and
power analyses of the natural human gait [7] presented in
Section 2 with a trade-off being realizable with the existing
springs which should also fit in a prosthetic device.

1) Swing Phase: The elastic constants of the springs
employed for the swing phase are derived from the energy
values of the absorption interval A2.

A2 = 0.5k1�s1sw
2, (1)

where �s1sw is the deflection of the spring C1 and is given by

�s1sw =| P32 | −s10sw , (2)

where the magnitude of P32 is the length of the C1 element
when it is attached between P3 and P2 (see Fig. 3 - 2 to 4)
and s10sw is its resting length, in the beginning of the swing
phase (see Fig. 3 - 2). It follows that k1 = 244 N/m − kg.

2) Stance Phase: During stance phase, the energy is stored
in both C1 and C2. It should be noted that, this parallel
structure leads to the smaller elastic constant for the element
C2, which can be considered as an advantage for the design.
During the stance phase, the deflection �s1st of the storage
element C1 is given by,

�s1st =| P31 | −s10st , (3)

in which the magnitude of P31 is the length of the element C1
when it is attached between P3 and P1 and �s10st is its initial
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Fig. 5. Side-view of the prototype in scale 1 : 2 with respect to the
average human dimension.

Fig. 6. CAD drawings for the details of the locking systems.

length, at the beginning of stance phase (see Fig. 3 - 7). The
deflection �s2 of the ankle elastic element is given by,

�s2 =| P54 | −s20, (4)

in which the magnitude of P54 is the length of the element C2,
attached between P5 and P4 (see Fig. 4), and �s20 is its initial
length, at the beginning of roll-over (see Fig. 4 - left). The
elastic constant k2 of the ankle elastic element C2 can be found
from the energy value of the absorption interval A3, i.e.:

A3 = 0.5k1�s1st
2 + 0.5k2�s2

2, (5)

where k1 is the elastic constant of the storage element C1.
It follows that k2 = 1375 N/m − kg.

D. Simulation

We simulate the conceptual mechanism in Matlab/Simulink.
The model is derived by using Kane’s method [26]. To analyse
the performance of the mechanism, simulations have been
implemented for the swing and the stance phases separately.
The model of the prosthesis mechanism during swing phase

Fig. 7. The CAD animation of the prototype during one complete stride
from heel-strike to heel-strike.

is considered in a sagittal plane with the torso fixed in the
Newtonian reference frame. Since the elastic element C2 is
not active in this phase, it is not considered in the model.
For the simulation of the swing phase, the hip torque from
healthy human data [7] is applied to the system as an external
input. The model of the prosthesis mechanism during stance
phase is considered in a sagittal plane with the foot fixed
in the Newtonian reference frame. For the simulation of the
stance phase, in addition to the hip torque, forces from the
sound leg, which are assumed to be acting on the torso, have
been applied to the system as an external input. Since the
model is built to investigate the feasibility of the conceptual
mechanism, the elastic elements are modeled as ideal springs
and mechanical losses at the joints and at the moving elastic
element are neglected. The action of the knee joint during
the stance phase is not considered as a contributor to the
ankle push-off. For this reason, the knee joint is kept straight
during this phase. The results of simulations are presented and
discussed in Section 4 together with experimental results.

III. REALIZATION & TESTS

A. Prototype Construction

In order to evaluate the working principle in real conditions,
we built an initial prototype [23] with two storage elements,
C1 and C2, in a scale of 1 : 2 according to the average human
dimensions [25], [27], as shown in Fig. 5. The scaling results
in a total body weight of 8.4 kg and 0.922 m height, which has
dimensions and limb masses comparable to the grow charts of
children [28]. According to this, the limit for the prosthesis
weight is 0.865 kg and the total length is constrained to
0.49 m. The range of rotation is defined for the knee joint
as 100◦ of flexion to −5◦ of hyper-extension and for the
ankle joint as 15◦ of dorsi-flexion to −25◦ of plantar-flexion.
Specifications of the prototype are given in Table I.

The prototype is assembled from base components, func-
tioning as thigh, shank and foot, respectively. These are made
of ST51 construction steel. A ø10 mm rod for the thigh and
shank, and a U-profile 50x50x4 mm for the foot are employed.
Elastic element C1 actually consists of two equal linear springs
guided by telescopic rods. The rod ends at the foot can move in
the designed sliding trajectory. Since this prototype is built as
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TABLE I
SPECIFICATIONS OF THE PROTOTYPE

a proof of concept for the validation of the working principle
based on energetic coupling, the foot design is kept simple
with a flat bottom. Since we do not implement a knee flexion
at the stance phase, hyper-extension as a kinematic lock for
the knee is implemented to ensure the knee stability during
stance. This is also supported by the locking torque, caused
by the action of C1. There are passive locking systems in
the prototype for preventing the buckling of the knee joint
(Fig. 6 - Detail A) and the transfer from one joint to another
according to the working principle (Fig. 6 - Detail B). In Fig. 6,
detail B shows the locking positions at both ends of the sliding
trajectory. The small groove 14 in the cam trajectory keeps the
rollers at this position thanks to the force exerted by the elastic
element C1. This lock is employed at heel-strike and push-off.
The other lock mechanism is built with part 20 (Detail B in
Fig. 6). The pin 21a is connected to 20, while the pin 21b
is connected to the foot section and is blocking the counter
clockwise movement of 20. An elastic O-ring is connected
between the two pins. This lock allows the attachment point
to pass when it is sliding towards to the front-side (P2) of
the foot, while preventing them to turn back. At heel strike
the lock opens as 20 hits the ground. This lock is crucial to
keep the attachment point at position P2 after full-flexion of
the knee joint and during the swing phase. A similar locking
strategy is implemented for the ankle elastic element C2 during
swing phase in order to avoid the interference on the natural
ankle motion. Therefore, the ankle spring is active only during
stance phase. It is noteworthy that all locking systems consume
little energy as they lock during zero velocity of the joints.
Moreover, they are simple, lightweight, low cost and passive.

The working principle of the prototype is illustrated in
Fig. 7 by animating the CAD model during one complete
stride. Frames (1-4) represent the weight acceptance, foot flat,
the change of the attachment point of C1 from the upper part
of the foot to the heel and roll-over. Frames (5-6) represent the
push-off, where both springs are releasing their energy, and in
(7) C2 is disengaged from the ankle joint with toe-off. After
toe-off (8), the attachment point of C1 goes kinematically
to the front through a cam trajectory. Frame (9) shows the
dorsi-flexion of the ankle for sufficient ground clearance
and the start of energy storage in the swing phase, which
continues till frame (11). The stride finishes at frame (12) with
heel-strike.

B. Experimental Evaluation of Prototype

In order to evaluate the prototype, we built a test setup
on a treadmill as shown in Fig. 8. This test setup employs a
linear guide (2) connected to the fixed world allowing vertical

Fig. 8. CAD drawings and picture of the test set-up.

Fig. 9. Experimental results - Angular positions of the knee and ankle
joints of human (blue) and prototype (red) during normal gait for ten steps.

movement only. The carriage (3) is employed to mount the
rotational (hip) unit. The rotation of the thigh is unconstrained
and the torque is applied by the operator. The prototype on
the treadmill with the camera system is depicted in Fig. 8.
Additionally, the setup has extra mass onto the hip joint for
implementing the weight bearing during the stance phase. This
weight is lifted manually by the operator during the swing
phase for realizing the weight shift towards the sound leg.

The kinematics of the prototype is obtained by the PTI
V isualeyezT M motion capture system (PTI, Canada) that
detects the positions of infrared sensors attached to the mech-
anism. During the evaluation of the prototype, forces and
torques, which are exerted on the hip joint, are measured
by a 6-DoF force sensor (4) that is located above the thigh
segment (1) aligned with the hip joint. The ground reaction
forces are measured with force plates in the treadmill. The
stride time is defined based on the normal walking speed in
natural human gait as 1.1 seconds and the related treadmill
speed is 1.1 m/s.

C. Results

The joint angles of the mechanism (red) from the tests are
illustrated with joint angles of natural human gait (blue) in
Fig. 9, as an average over ten steps. These plots show the
ability to achieve a cyclic behaviour with the device and
the similarity to the natural gait characteristics. The motion
range of the knee and ankle joints are covering the natural
equivalents during normal walking. Note that the knee joint is
kept straight during stance. Since the prosthesis is propelled
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Fig. 10. Experimental and simulation results - Power flow on the knee
and ankle joints. The black line refers to natural human joints, while the
red line shows the experimental data of the prototype. Note that starred
plot refers to the simulation of the conceptual design.

forward more rapidly (≈ 12% less push-off time than natural)
compared to the human leg, a shorter swing phase (≈ 28%
less than natural) occurs, resulting in a relatively longer stance
phase (≈ 19% more than natural).

In Fig. 10 - top, the power flow in the knee joint of the
prototype (red line) is compared with the power flow of a
healthy human knee (black line) during one complete stride.
Since the swing phase is shorter in the prototype than in natural
gait, the energy absorption takes place in the early stage and
in shorter time compared to natural gait. Almost all of the
energy absorbed during the swing phase (A2) is stored in
the elastic element C1. In Fig. 10 - bottom, the power flow in
the ankle joint of the prototype (red line) is compared with the
power flow of a healthy human ankle (black line) during once
complete stride. The prototype displays a linear progression for
applying the breaking torque, which gets steeper at the later
stage due to the support from movable elastic element C1. The
figure shows that the behaviour predicted by the simulation is
almost achieved with the realized prototype. All of the energy
stored in C1 and C2 is successfully released to aid to the
ankle push-off as shown in Fig. 10. Approximately 50% of
energy requirement for ankle push-off in natural human gait
is achieved with this prototype in a cyclical behaviour.

IV. DISCUSSION

The main objective of this study was to investigate the pos-
sibility to realize ankle push-off by mimicking the energetics
of natural human gait with a fully-passive system. Fig. 10
illustrates the energetic behaviour of the simulated conceptual
mechanism (starred) by comparing it with healthy human gait
(black line) according to [7]. It can be observed that the
energetic behaviour of the mechanism during the stance phase
is comparable with the healthy human gait. Approximately
85% of the available amount of energy during the stance
phase, A3, is stored. Overall 64% of the available amount of
energy at the natural human gait is stored within the system.
On top of this energy, extra energy should be injected to

the system in order to realize the ankle push-off. Since the
system is fully passive, this energy needs to be generated by
the hip and the sound leg. The application of the forces and
torques to provide this is dependent on the human adaptation.
However, it is expected that the extra metabolic cost will
decrease considerably with respect to conventional or damped
prostheses, which do not give push-off support. Even though
these are simulation results under ideal conditions and the
possible storage A1 (about 27% of the total absorption) is
not included into the system, the amount of energy that
is stored in the system is still considerable and promising
for building a fully-passive prototype. Therefore, a simple
straight-forward mechanism was built and tested as a proof of
principle for the energy storage and exchange concept between
the knee and ankle joints, mainly to provide ankle push-off
generation. While the core of the concept was translated
into the mechanism, several design choices have been made
for simplicity and practicality. These choices clearly created
some deviations from the natural gait behaviour, however
the main idea was kept with the least deterioration. On the
other hand, the realization of the coupling concept with the
movable elastic element was achieved successfully. The work-
ing principle, which provides the ankle push-off by coupling
the knee and ankle joints energetically in a fully passive
system, is unique compared to the conventional or damped
transfemoral prostheses presented in the literature. In this
regard, the performance of the concept was acceptable and
promising for the development of a transfemoral prosthesis.
This study was an initial step towards a more elaborate
full-scale prototype, therefore, the tests have been done to
evaluate the prototype only to validate the functioning of
the working principle according to our expectations. More
energy can be stored by extending the working principle
to the other phases of the gait. By further exploiting the
working principle, the adaptation of the prosthesis to the
different walking speeds should be investigated. Moreover,
the other types of movements, i.e., stair climbing, running,
sitting should be studied to extend the working principle to
achieve a completely energy-efficient transfemoral prosthesis.
It should be noted that the current working principle allows
the stair climbing and running but not in an energy-efficient
manner. In the implementation of the prototype, a movable
elastic element was designed as bi-directional to brake the
knee joint after full-flexion (after 65◦) and the stored energy
was used for initiation of the forward swing, which was
one of the reasons of the shorter swing phase. In a future
prototype this bi-directional storage can be cancelled with the
application of a separate mechanism for the total absorption of
A1, so there would not be any deviation due to this application.
Also, the application of linear springs with decreasing moment
arm created the deviation from the natural torque profile,
which resulted in faster swing motion. In order to achieve
a more natural torque profile, one way would be to construct
a progressive elastic element, which compensates the torque
loss due to the decreasing moment arm around the knee joint.
The rapid swing motion would create an asymmetry in gait
which would be uncomfortable for the amputee, therefore,
this deviation should be eliminated for the realization of a
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full-scale prosthetic product. Another deviation of the power
flow around the knee joint was due to hyper-extension of
the joint at the end of the swing phase. This was initially
applied to have a simple knee lock with the torque created
around the knee joint by the movable elastic element; however,
it caused a small loss of stored energy. Therefore, it should
be replaced by a more efficient locking system that better
matches the conceptual design. The movable elastic element
created noise when it reaches to the end point at the back side
of the foot, which should be eliminated by replacing it with
another moving principle for the product realization to avoid
any disturbance for the amputee.

V. CONCLUSION

In this study, we proposed a working principle based on
energetic coupling between the knee and ankle joints and
we developed the concept of a fully-passive transfemoral
prosthesis for normal walking, inspired by the power flow
in the natural human gait. Pursuing the possibility to realize
ankle push-off generation to improve the walking economy
of an amputee by exploiting the energetics of walking with
a fully-passive system is the main objective of this study.
With this aim, the conceptual mechanism consists of two
elastic storage elements for the absorption intervals in the
healthy human gait. The working principle of the concept
with these storage elements is described, parameterized and
simulated to examine the power flow of the mechanism during
normal gait. The simulation shows that a considerable amount
of energy (64% of total absorption) is stored in the system,
to deliver ankle push-off generation. Since the system is fully
passive and considering the fact that there is no push-off
generation support in the conventional or damped transfemoral
prosthesis, the performance of the concept is acceptable and
promising. Therefore, an initial prototype in a half scale of
human dimensions is built in order to check the feasibility of
the concept in real conditions. Evaluation of the concept is
done by building a test setup for the initial prototype. The test
results showed that 50% of ankle push-off generation in natural
human gait is provided in a cyclical behaviour with the initial
prototype. In other words, the working principle of the energy
storage, exchange and release for the ankle push-off performs
successfully. Following this study, the design optimization
with respect to the energy efficiency and the implementation of
the third elastic element to the system with different working
principle will be the next steps towards to realize a full-scale
energy-efficient prosthetic device.
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