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S U M M A RY

This study presents the design and realization of an energy-efficient
trans-femoral prosthesis called WalkMECH.
Trans-femoral amputees consume significant amount of extra metabolic
energy (more than 65% extra) during walking compared to the ablebodied person. Therefore, we mainly focused on the design possibilities for reducing the metabolic cost of an amputee during walking.
Both clinical and bio-mechanical research studies have shown that
the lack of energetic relations between the hip, knee and ankle joints
that take place with the muscles and tendons of the natural leg is one
of the main reasons for the extra metabolic energy consumption of a
trans-femoral amputee during walking by means of a prosthetic device. In particular, the lack of ankle push-off generation in the current
trans-femoral prostheses is considered to be the main limitation, since
this generation requires more than 80% of the energy that is recycling
between the joints in healthy human gait.
In this study, a research has been conducted that led to the design
of a trans-femoral prosthesis that reduces the metabolic energy cost
by providing an ankle push-off generation. The design is inspired by
the power exchange between the hip, knee and ankle joints of the
natural human leg. The working principle of the prosthetic device
is based on elastic storage elements, which are responsible for the
energetic recycling between the knee and ankle joints.
Initially, the working principle and conceptual design of a fullypassive trans-femoral prosthesis that mimics the energetics of the natural human gait is presented. This design consists of two elastic storage elements for realizing an energetic coupling between the knee
and ankle joints of the mechanism. The simulation results show that
the power flow of the working principle is comparable to that in human gait and a considerable amount (64% of the required energy for
the ankle push-off in natural human gait) of energy is delivered for
the ankle push-off. An initial prototype in half scale has been built to
validate the working principle. The construction of the prototype is
explained together with the test setup that has been built for the experimental evaluation and validation. The test results show that the
prosthesis prototype realizes the ankle push-off generation by delivering the 50% of the required energy.
Following the first design, we extend the working principle for the
realization of a full-prototype, the WalkMECH, fully-passive energy
recycling trans-femoral prosthesis. Regarding that, the linkage mechanism that couples the knee and ankle joints is introduced for recycling the energy between these joints during ankle push-off. In the
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mechanical design of the prototype, the energy within the gait cycle
is stored and used for mainly realizing the ankle push-off, while the
mechanism displays the natural leg behavior during walking. The experimental evaluation of the prototype shows that the gait of both
healthy and amputee subjects walking with WalkMECH is kinematically similar to the natural gait. Especially, the excessive hip motion
is drastically reduced with WalkMECH compared to when the participant walks with his/her own prosthesis. This is already showing the significant effect of having ankle push-off and indicating that
the metabolic cost may reduce. Overall, the prototype of WalkMECH
shows remarkable performance with the amputee participant even
without any training period. There is almost a natural plantar-flexion
of the ankle joint during push-off, which validates the success of the
distribution of the energy between the joints. Moreover, the linkage
mechanism not only recycles the energy between the ankle and knee
joint during push-off, but also provides comfortable push-off by delaying the power burst from the ankle joint. This affects the feeling of
push-off drastically from the amputee side in a positive way. These
findings clearly validate the conceptual design in real conditions.
Finally, the adaptation of the prosthesis to the different walking
speeds and gait characteristics of amputees is investigated by further
exploiting the working principle. The realization of the third prototype, WalkMECHadapt, together with the actuation system and controller architecture are presented. To keep the design both mechanically and metabolically energy-efficient, we design the actuation system based on the minimal actuation principle. With this regard, the
system is designed to change the equilibrium position of the movable elastic element, that stores the energy during the swing phase of
the gait, when there is no load on it. The system is evaluated with
the experimental test set-up that enables a healthy subject walking
with WalkMECHadapt. The test results show that the system is working sufficiently for adapting the energy storage capacity of the WalkMECHadapt thanks to the principle of the actuation system and the
simple nature of the controller architecture.
In conclusion, the evaluation studies on the performance and validation of the working principle show that the prosthesis prototype is
working as hypothesized. Also the feedback from the amputee participants are promising for the realization of WalkMECH as a prosthetic
device. The patent application of the design was published under the
Patent Cooperation Treaty (PCT) with the international publication
number: WO 2012/177125 A1 on 27 December 2012.
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No man ever steps in the same river twice, for it’s not the same river and
he’s not the same man...
Heraclitus
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1

INTRODUCTION

The main aim of this study is to design and realize an energy-efficient
trans-femoral prosthesis for walking by exploiting the energetics of
the natural human gait.
Amputation of the lower limb is often the treatment of choice when
the limb becomes unreconstructable or functionally unsatisfactory.
Main reasons of amputation would be the peripheral vascular disease,
trauma, tumors, infections or congenital limb deficiency [14]. As the
level of the amputation moves proximally, the reduction of walking
speed and the escalation of the metabolic cost take place as shown in
Table 1. Therefore, trans-femoral amputees mainly struggle with the
excessive metabolic energy expenditure which also deteriorates their
mobility.
It has been reported with several studies that trans-femoral amputees consume more than 65% extra metabolic energy [64, 46, 47]
when compared to the able-bodied person during normal walking.
Presumably, one of the main reasons of higher metabolic energy consumption is due to the extra muscular effort from the residual limb
[64, 47]. The excessive hip torque on the affected-side observed during the gait of an amputee supports this reason. Amputee exerts three
times the hip torque of an able-bodied person during walking [65].
However, the natural human gait has been shown to be a mechanically efficient cyclic task due to the energetic relations created by
the muscles and the tendons between the hip, knee and ankle joints
[40, 25, 62]. Therefore, the extra effort would be explained by the absence of these energetic relations.
With this regard, the lack of energetic relations between the joints is
probably the most significant limitation of existing prosthetic devices.
In particular, the lack of power generation at the joints hinders the
prosthesis to realize the natural function of a biological leg in daily

amputation

speed

energy cost

extra energy

level

[m/s]

[J/kg.m]

[%]

long trans-tibial

1.17

3.56

10

short trans-tibial

0.83

4.19

40

trans-femoral

0.67

5.86

65

Table 1: Walking speed and energy expenditure according to the amputation
level [14].
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introduction

activities of life, such as walking, running and jumping, ascending
and descending stairs and slopes [40, 25, 13, 41]. Especially, the lack
of push-off generation at the ankle joint stands out, since it requires
around 80% of the mechanical energy that recycles between the knee
and ankle joints [65].
In terms of both metabolic and mechanical energy-efficiency, transfemoral prostheses can be classified in three distinct groups :
• Passive trans-femoral prostheses, designed to exploit the dynamics of walking, provide the function of a leg without any
actuator. This type of prosthesis can be considered mechanically
efficient, since the functioning is not executed by means of external actuation. However, these prostheses are designed with
constant mechanical characteristics and therefore, are not able
to adapt to different conditions, i.e., varying walking speeds.
Moreover, the absence of natural ankle push-off and the invariable dynamic properties decrease the quality and economy of
walking [63].
• Inherently passive controlled trans-femoral prostheses make use
of actuators only to control the dynamics in order to adapt to
different walking conditions. Well known examples of this type
of prosthesis use a magneto-rheological fluid with varying viscous characteristics as a controllable damper for the automatic
adjustment of the prosthesis [30, 12, 54]. It has been shown
that the walking quality and physical activity of an amputee
improves with this kind of prosthesis [21, 28, 5]. Even though
the oxygen consumption decreases during walking at varying
speeds [53, 8] with this kind of prostheses compared to the
passive prostheses, the main metabolic energy burden is still
present due to the lack of push-off generation. Moreover, the
use of actuators to change the dynamics of the prosthesis is also
bringing another challenge, i.e., to provide sufficient power and
energy within limited dimensions.
• Active (powered) trans-femoral prostheses have external actuators to generate the motion of walking by injecting power, with
pneumatic [50], electrical [39, 2, 27, 16, 51, 18], or hydraulic [17]
actuation. The torque values around these joints are relatively
high for a small range of motion in a short time. This leads
to a high power demand from the actuators [52]. Since natural
walking is a mechanically energy-efficient cyclic task, the use
of external power already deteriorates the overall system efficiency in comparison with the natural human gait. Moreover,
the power requirement during such an extended period of time
makes the design more challenging and complex.
From an energetic point of view, this classification indicates the
main challenges for the design of a trans-femoral prosthesis. In par-
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ticular, the absence of ankle push-off leads to the higher metabolic energy consumption, whereas external actuation requires a big power
source to generate this energy.
Some of the current studies focus on combining the advantages of
these three types, in order to achieve an optimal design. In [44, 45, 9],
an energy storage element is present at the knee joint during the
flexion and it is released in another phase of the gait in order to support the energy requirement. The control of the prosthesis has been
realized by electro-magnetic drum brakes [15]. A semi-active knee
prosthesis that combines the advantages of the powered and damped
prosthesis has also been designed [32, 35]. Another design study on
powered knee prosthesis proposes to use a series-elastic actuation for
reducing the net power consumption [33]. Following that, the design
is improved by including a clutch in parallel with the actuator for reducing the energy consumption of the motors [43]. Moreover, a study
on the design of a powered trans-femoral prosthesis presents a uniform torque profile of the knee joint by employing a polycentric knee
joint [37]. Recently, a trans-femoral prosthesis called HEKTA presents
the advantages of using energy storage elements by employing two
springs for the energetic coupling and a third spring to provide the
stance flexion [34].
With respect to the foot-ankle mechanisms, some studies show the
metabolic advantage of the energy store-and-release prosthetic feet
at higher walking speeds compared to the conventional solid feet
[36] whereas the higher metabolic energy consumption remains at
lower speeds [10, 24]. Moreover the studies on the actuator design
for a trans-tibial prosthesis [22, 23, 4] show that energy storage and
release mechanisms are promising to improve the mechanical energyefficiency for prosthetic devices.
All the aforementioned studies are emphasizing the importance of
reducing power consumption, both as a metabolic cost of amputees
and as required from the external actuators. On the other hand, Winter and van den Bogert present the energetic relations between the
lower limb joints and their impact on the bio-mechanical efficiency of
the gait in their studies [65] and [62] respectively. These studies on
the kinetic and kinematic characteristics of the natural human gait
have been widely used in the prosthetic device design field. Regarding these studies and the current developments on the actuation systems for prosthetics, it is hypothesized that the energy storage around
the joints, as it takes place in natural walking and an energetic coupling between these joints, could be the key aspect in the design of an
energy-efficient trans-femoral prosthesis [62, 56]. Following this, providing the energy for realizing ankle push-off is a major objective in
this study for reducing the additional metabolic cost of an amputee
during walking.
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With this regard, we designed and realized an energy-efficient transfemoral prosthesis, WalkMECH, for walking [56, 55, 57, 3, 59]. The
concept includes energy storage elements, which provide a large portion of the required energy for the ankle push-off generation. To derive such kind of a mechanism, the kinematic relations between the
ankle and the knee joints and the power flow during the natural human gait have been analyzed. The design parameters of the prosthesis have been determined according to human bio-mechanical data
for normal walking [65, 42]. The realization of this concept [60] has
shown remarkable results, in particular significant amount of the energy is delivered for the ankle push-off. Since the design consists
of elastic elements to realize the functions of the knee and ankle
joints during walking instead of motors or dampers, WalkMECH is an
energy-efficient trans-femoral prosthesis. In other words, neither the
energy injection from external power source nor the removal of the
energy by using dampers takes place in this new trans-femoral prosthesis design [58]. The elastic elements store the energy temporarily
and redistribute it between the joints, similar to the power flow of the
joints during the gait of an able-bodied person.
The following chapters of the thesis are organized as follows: Chapter 2 provides some background on natural gait and related anatomy.
The power analysis of the knee and ankle joints that is the core of the
design principle is also presented in this chapter.
Chapter 3 describes the conceptual design and the realization of
the working principle with our first prototype. The design details
of this prototype and the evaluations of the working principle with
experimental test results are also presented in this chapter.
Chapter 4 presents the development of WalkMECH from the concept to the experimental evaluation. WalkMECH is a fully-passive
energy recycling trans-femoral prosthesis prototype. It is evaluated
on both healthy and amputee subjects. Design details and the results
from the experimental evaluations are also discussed in this chapter.
Chapter 5 introduces the new design of an energy-efficient transfemoral prosthesis called WalkMECHadapt that is adaptive to different walking speeds and gait characteristics of amputees. This design,
especially the actuation system and its controller architecture are explained in detail. Experimental evaluation of the prototype with a
healthy subject is presented to validate the working principle of the
actuation system and the control architecture.
Chapter 6 finalizes the thesis with the general discussions and the
conclusions drawn from the whole study and it also includes several
recommendations for the future-work.
The risk inventory and evaluation document for the functional test
procedures, selection of sections from the medical device dossier related with the strength analysis of the prototype and the PCT appli-
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cation file for the design of WalkMECH are presented in Appendix A,
Appendix B abd Appendix C, respectively.
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T H E A N A LY S I S O F N AT U R A L G A I T

In the following sections, a general overview of the knee and ankle
joints anatomy is presented for understanding the main functions of
these joints and their role in the energy provision of gait..
2.1

the knee anatomy

Figure 1: The skeletal view of the knee joint [20] (with the courtesy of
HealthPages).

The skeletal view of the knee joint is displayed in Figure 1. There
are four main bones between the hip and ankle joints: femur, patella,
tibia, and fibula. The femur is the longest and strongest bone of the
human skeleton. It extends from the pelvis to the knee. Tibia and
fibula are the two long bones between the knee and ankle joints. The
tibia is the interior one and it is thicker than the fibula. The upper end
of the tibia is connected to the femur to form the knee joint, which is
one of the highly complex joints in the human body.
There are two condyles (rounded ends) at femur. The one on the
inside is called medial condyle and the other one on the outside is
called lateral condyle. The space between the two condyles is called
intracondylar fossa and cruciate ligaments are located here. Since the
stability of the knee joint is provided by the cruciate ligaments, they
are the most crucial ligaments in the knee joint.
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The muscle and ligament attachments are placed on the two epicondyles on top of the femur. Two menisci, the medial and lateral,
that absorb the shock between the femur and tibia are located on top
of the tibia. The patella (knee-cap) acts as an increasing lever arm for
the quadriceps muscles to apply increasing force on the tibia during
extension motion and also protects the knee joint. It is connected to
the femur within the patellar tendon which connects the quadriceps
muscles to the tibia. The fibula, on the other hand, is attached to the
tibia with ligaments and does not have any contact to the knee.
2.2

the ankle anatomy

Figure 2: The skeletal view of the ankle joint [48] (with the courtesy of SouthernCaliforniaOrthopedicInstitute).

The skeletal view of the ankle joint is displayed in Figure 2. The
ankle actually consists of two joints: the subtalar joint, and the true
ankle joint. Three bones forms the true ankle joint: the tibia, fibula
and talus. Dorsi-flexion and plantar-flexion motion of the ankle is
realized by the true ankle joint.
The subtalar joint is located under the true ankle joint. It is formed
by the talus and calcaneus. Abduction and adduction motion of the
ankle is realized by this joint.

2.3 human gait

The articular cartilage (1) covers the edge of the bones in these
joints. As it is shown in Figure 2-bottom, there are three main ligaments in the ankle joint. The tibia is connected to the fibula with the
anterior tibiofibular ligament (2). The fibula is connected to the calcaneus by the lateral collateral ligaments (3), which provides the ankle
lateral stability. The deltoid ligaments (4) provide medial stability by
connecting the tibia to the talus and calcaneus.
2.3

human gait

Human gait is a cyclic motion and one cycle, a stride, is defined as
starting from heel-strike of one foot to the next heel-strike of the same
foot. Several events take place within the gait cycle. Both legs contribute to four different events during gait cycle:
• heel-strike
• opposite toe-off
• opposite heel-strike
• toe-off
Since these events occur periodically, the gait cycle is represented in
terms of percentile, rather than time. This allows the normalization
of the data for multiple subjects. The heel-strike occurs at 0%, and
occurs again at 100% (0-100%). The opposite leg undergoes the same
events, only out of phase by 180◦ , with its first heel-strike taking place
at 50% of the stride, and the second heel-strike at 150% [65].
Since the energetic relations between these joints are key to the design of an energy-efficient trans-femoral prosthesis, we analyze the
energetics of the human gait, as presented by Winter [65]. In particular, Figure 3 depicts the power flow at the knee (upper) and ankle
(lower) joints during one complete stride of a healthy human, normalized in body weight. The figure highlights three events;
• heel-strike - shock absorption
• heel-off - start of push-off
• toe-off - swing preparation
and three main phases:
• Stance (0-44%): starts with the initial limb support and is defined as a very rapid weight acceptance onto the forward limb
with shock absorption and a reduction of the body’s forward
momentum (12%). Following that, the roll-over takes place till
the center of the body is in front of the foot. Energetically, the
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Figure 3: The power flow of the healthy human gait normalized in body
weight in the knee (top) and the ankle (bottom) joints during
one stride [65]. The areas A1,2,3 indicate the energy absorption,
whereas G indicates the energy generation.

knee absorbs a certain amount of energy during flexion and generates as much as the same amount of energy for its extension in
this phase. In the meantime, the ankle joint absorbs the energy,
represented by A3 in the figure, due to the weight bearing.
• Push-off (44-62%): starts with the heel-off and then the body
weight goes further in front of the foot. It continues until the toeoff, which prepares the lower leg to swing. Transfer of the body
weight from one leg to the other one takes place in this phase
(50-60%). Energetically, the knee starts absorbing energy, represented by A1 in the figure, while the ankle generates the main
part of the energy for the push-off, represented by G, which is
about 80% of the overall generation.
• Swing (62-100%): starts with toe-off and continues with the foot
clearance (75%). Following that, the tibia becomes vertical with
respect to the ground (85%) and the limb starts decelerating until the next heel-strike which completes the gait cycle. Energetically, the knee absorbs energy, represented by A2 in the figure,
during the late swing phase, 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 generation (G) around these
joints give insightful information. In particular, the knee absorbs about
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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
approximately 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. The difference results
mainly from the loss of energy during the impact at heel strike.
This evaluation is crucial for defining the functions of each joint
that exploits the energetics of the gait in order to achieve an energyefficient trans-femoral prosthesis. It can be concluded that, an energyefficient 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.
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CONCEPTUAL DESIGN AND PROTOTYPE
R E A L I Z AT I O N

This chapter is based on the article called "Conceptual Design of a
Fully Passive Trans-femoral Prosthesis to Facilitate Energy-Efficient
Gait" and it will be published in the IEEE Transaction on Neural Systems
and Rehabilitation Engineering.
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In this study, we present the working principle and conceptual design towards the realization of a fully-passive trans-femoral prosthesis that mimics the energetics 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 mechanism.
Simulation results show that the power flow of the working principle
is comparable to 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 set-up 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.
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3.1

introduction

Trans-femoral amputation, caused e.g., by traumas 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 [49]. The estimation of the World Health Organization is that almost 30 million people (up from 24 million in 2006)
need prosthetic limbs, braces or other assistive devices in the combined areas of Latin America, Africa, and Asia [1].
In the prosthetic field, most of the trans-femoral prostheses are
based on intrinsically passive designs and are using damping strategies for the knee joint mainly to guarantee the stability of the lower
leg. However, a trans-femoral amputee consumes about 65% of extra
metabolic energy for walking at normal speed [64]. 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 energetic relation between the lower limb
joints, i.e., the knee and the ankle joints, which assure the efficiency
of the human gait cycle during natural walking [25, 40, 62]. As shown
by Winter [65], the excessive power request (almost three times more)
at the hip joint of the amputated leg is indeed due to the lacking of
the energetic link between the lower limb joints.
Due to the absence of a link between the knee and ankle joints,
even the microprocessor controlled trans-femoral prostheses have not
shown a significant reduction of metabolic energy consumption during normal walking. Examples of this type of prostheses use a magnetorheological fluid with varying viscous characteristics as a controllable
damper for the automatic adjustment of the prosthesis [30, 12, 54].
However, it has been shown that the walking quality improves with
this kind of prosthesis [21] and the oxygen consumption decreases
during walking at varying speeds [8, 47].
In order to reduce the metabolic cost of the amputee and improve
the gait symmetry, several trans-femoral prostheses, which inject power
to the knee and ankle joints separately by means of pneumatic [50],
electrical [38, 2, 27], or hydraulic [17] actuation, are designed.
One design that combines the powered and damped trans-femoral
prostheses is introduced as a semi-active knee prosthesis [32] and
another design study on powered knee prosthesis proposes to use a
series elastic actuation for reducing the net power consumption [33].
However, the complex 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.
The studies on human gait have shown the great importance of the
energetic relations created by the muscles and the tendons between
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the hip, knee and ankle joints in order to provide an energetically efficient gait cycle. 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 trans-femoral prosthesis [62, 56].
In this work, we present the conceptual design of a fully-passive
trans-femoral prosthesis. The main objective of this study is to investigate the possibility to realize ankle push-off to improve the walking
economy of a trans-femoral amputee by realizing the energetics of
walking with a fully-passive system. The concept is mainly based on
mimicking the energetic characteristics of human gait to improve the
energy economy of an amputee by providing ankle push-off support.
More specifically, the design guarantees to store mechanical energy
when available and to release it when required. A preliminary study
on the realization of this concept [55] has shown promising results;
in particular, a significant amount of the energy, as required for the
ankle push-off generation, has been achieved.
3.2

method

3.2.1

Power Flow in Human Gait

In this section, we analyze the healthy human gait from an energetic
point of view so to highlight the main features that should be considered in the design of prostheses.
The power requirements at the knee and ankle joints are defined
based on the data from Winter [65]. Figure 4 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 certain energetic characteristics of the knee and ankle joints
as explained before and the analysis of the values of energy absorp-
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Figure 4: The power flow of the healthy human gait normalized in body
mass in the knee (top) and the ankle (bottom) joints during
one stride [65]. 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).

tion (corresponding to the areas A1,2,3 ) and generation (G) around
these joints give insightful information. In particular, 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 approximately 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. The difference
can be considered as the loss of energy with the impact at heel-strike.
3.2.2

Conceptual Design

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. This is possible, mainly due to the biarticulation and musculo-skeletal structure. 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
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ankle joints is at the basis of the efficiency of human gait: the energy
absorbed by the knee is transferred to the ankle.

Figure 5: Conceptual design of the proposed mechanism - The design
presents two storage elements, one linear spring, C1 , between the
foot and upper leg and one linear spring, C2 , between the foot and
lower leg. Note that, the change in position of the element C1 is
depicted in grey colour.

This evaluation is crucial in the design of trans-femoral 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 concept relies on the energy storage and transfer
between the knee and ankle joints and it consists of two storage elements. As summarized in Figure 5, 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 its attachment point
on the foot slides back, Figure 5 - gray element) and for a part
of absorption 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 absorption intervals A2 and A3 , since the G and A1 occur simultaneously, it is more
convenient if this energy transfer is provided by a separate mechanism. It is assumed that the knee joint absorbs and generates the
same amounts of energy during stance phase, so energetically there
is no net energy contribution from this joint to the ankle push-off generation. This assumption is also supported by the data from Winter
[66]. Therefore, the knee joint is kept straight for this phase.
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3.2.2.1

Movable Elastic Element

The element C1 stores the kinetic energy of the lower leg (A2 ) during
the swing phase and also part of the energy A3 during the stance
phase. Moreover, it contributes with its total stored energy to the ankle push-off (G).

Figure 6: Sketch representation of the working principle of the movable bidirectional elastic element C1 during one stride (from toe-off to
toe-off).

The working principle is depicted in Figure 6 from toe-off to toeoff. 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 mechanism.
As the lower leg starts to swing forward, the ankle joint dorsi-flexes,
thanks to this coupling, 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. Ideally this transfer is realized
without any extra energy. Finally, the energy stored in this element is
released to contribute to the ankle push-off (6, 7).
3.2.2.2 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, elastic element C2 (blue) is used for the absorption of interval A3 during stance,
as connects the heel (P4 ) and lower leg (P5 ) and acts at the ankle joint
(Figure 7). Also C1 contributes to the braking torque.
At the end of the stance phase, two elements are loaded and are
ready to release the total energy (A2 and A3 ) for the ankle 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 the energy storage parts during walking. 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.
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Figure 7: Sketch representation of the working principle of the ankle elastic
element C2 (blue) together with the movable elastic element C1
(red) during stance phase.

3.2.3

Simulation & Results

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. We derive the design parameters
for the conceptual mechanism 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 75 kg body mass [42].
The model of the prosthesis mechanism during swing phase 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 [65] 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 slider 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 assumed to be straight during this phase.
Figure 8 illustrates the energetic behavior of the conceptual mechanism (continuous) by comparing it with a healthy human gait (dotted
line) according to Winter [65]. It can be observed that the energetic behavior of the mechanism during the stance phase is comparable with
the healthy human gait. Approximately 85% of the possible amount
of energy during stance phase is stored. Overall 64% of the possible
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Figure 8: The power absorption of the elements C1 and C2 (black line) during one stride in natural cadence compared with the power flow
of a healthy human gait (dotted line).

amount of energy at the natural human gait is stored within the system. 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.
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, since these do not give push-off support.
3.3
3.3.1

realization & tests
Prototype Construction

In order to analyze the adaptation and the performance of the system
in real conditions, we built an initial prototype [55] with two storage
elements, C1 and C2 , in a scale of 1:2 according to the average human
dimensions [65, 42] as shown in Figure 9. The scaling results in a total
body mass of 8.4 kg and 0.922 m height, which has dimensions and

3.3 realization & tests

length [m]

mass [kg]

range [ ◦ ]

Knee

−−

−−

−5/100

Ankle

−−

−−

15/ − 25

Shank

0.227

0.300

−−

Foot

0.139

0.565

−−

Total

0.489

0.865

−−

Table 2: Specifications of the prototype.

limb masses comparable to the grow charts of children [31]. According to this, the limit for the prosthesis mass is 0.865 kg and the total
length is constrained to 0.49 m. Specifications of the prototype are
given in Table 5.

Figure 9: Side-view of the prototype in scale 1:2 with respect to the average
human dimension.

The prototype is assembled from base components, functioning as
thigh, shank and foot, respectively. These are made of ST51 construction steel. A 10 mm rod for the thigh and shank, and a U-profile
50x50x4 mm for the foot are employed. Since this prototype is built
as a proof of concept for validation of the 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 created by the
action of C 1 .
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Figure 10: CAD drawings for the details of the locking systems.

There are passive locking systems in the prototype for preventing
the buckling of the knee joint (Figure 10 - Detail: A) and the transfer
from one joint to another according to the working principle (Figure 10 - Detail: B). In Figure 10, detail B shows the locking positions
at both ends of the sliding trajectory. 14, which is a small groove in
the cam trajectory, keeps the rollers at this position with the force
at the elastic element C 1 . This lock is employed at heel-strike and
push-off. The other lock mechanism is formed with part 20 (Detail
B in Figure 10). Pin 21a is connected to the 20. 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 (P 2 ) 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 P 2 after full-flexion of the
knee joint and during the swing phase. A similar locking strategy
is implemented for the ankle elastic element C 2 during the swing
phase in order to avoid the interference for the natural ankle motion.
Therefore, the ankle spring is active only during the stance phase. It is
noteworthy that all locking systems consume little energy as they lock
during zero velocity of the joints. Also, they are simple, lightweight,
low cost and passive.
The working principle of the prototype is illustrated in Figure 11 by
animating the CAD model during one complete stride. In Figure 11,
frames (1-4) represent the weight acceptance, foot flat, the change of
the attachment point of C2 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 the toe-off. After toe-off (8), the attachment point of C2 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 until the
frame (11). The stride finishes at frame (12) with the heel-strike.
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Figure 11: The CAD animation of the prototype during one complete stride
from heel-strike to heel-strike.

3.3.2

Test Set-up

In order to evaluate the prototype, we built a test set-up on a treadmill
(Figure 12). This test set-up employs a linear guide (2) connected to
the fixed world allowing vertical movement only. The carriage (3) is
employed to mount the rotational (hip) unit. During the evaluation
of the prototype, forces and torques that are exerted on the hip joint
are obtained by a 6-DoF force sensor (4), which is assembled into the
hip joint. The ground reaction forces are measured with force plates
in the treadmill.

Figure 12: CAD drawings and picture of the test set-up.

The kinematics of the prototype is obtained by the 3D tracker system VisualEyez that detects the positions of infrared sensors attached
to the mechanism. The prototype on the treadmill with the camera
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system is depicted in Figure 12. Additionally, the set-up 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.
3.3.3

Results

The joint angles of the mechanism from the tests are illustrated in Figure 13, as an average over ten steps. These plots show the ability to
achieve a cyclic behavior 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 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).

Figure 13: Experimental results - angular positions of the knee and ankle
joints of the prototype during normal gait for ten steps.

In Figure 14-top, the power flow in the knee joint of the prototype
is compared with the power flow of a healthy human knee during
one complete stride. Since the swing phase is faster in the prototype
rather than the natural gait, the energy absorption takes place in the
early stage and in shorter time compared to the natural gait. Almost
all of the energy absorption taking place for the swing phase (A2 ) is
stored in the elastic element C1 . At the end of the swing phase ab-
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sorption power generation takes place due to hyper-extension of the
knee joint. In Figure 14-bottom, the power flow in the ankle joint of
the prototype is compared with the power flow of a healthy human
ankle during one 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 the movable elastic element C1 .
The figure shows that the behavior obtained in simulation is almost
achieved with the prototype. All of the energy stored in C1 and C2
is successfully released to aid to the ankle push-off as shown in Figure 14. About 50% of the required energy for ankle push-off in natural
human gait is achieved with this prototype in a cyclical behavior.

Figure 14: Experimental 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.

3.3.4

Discussion

The main objective of this study is to investigate the possibility to realize ankle push-off to improve the walking economy of a trans-femoral
amputee by realizing the energetics of walking with a fully-passive
system. Therefore, a simple straight-forward mechanism is 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 is translated into
the mechanism, there are several design choices are made for the
simplicity and practicality. These choices of course created some deviations from the natural gait behavior, however the main idea is kept
with the least deterioration.
In the implementation of the prototype, the movable elastic element
is designed as bi-directional to brake the knee joint after full-flexion
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(after 65◦ of knee flexion) and this compressed energy is used for the
initiation of the forward swing which is one of the reasons of the
faster swing phase. This bi-directional storage will be canceled with
the application of a separate mechanism for the total absorption of
A1 , so there would not be any deviation from the conceptual design
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 is to construct a progressive elastic element, which compensates the torque loss due to the decreasing
moment arm around the knee joint. Another deviation of the power
flow around the knee joint is created by the hyper-extension of the
joint at the end of the swing phase. This is initially applied to have a
simple knee lock with the torque created around the knee joint by the
movable elastic element; however, it causes a loss of stored energy.
Therefore, it should be replaced by a more efficient locking system
that better matches with the conceptual design.
On the other hand, the realization of the coupling concept with the
movable elastic element is achieved successfully. The working 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 trans-femoral prostheses presented in
the literature. In this regard, the performance of the concept is acceptable and promising for the development of a trans-femoral prosthesis.
More energy storage is possible by extending the working principle
for the other phases of the gait. Moreover, by further exploiting the
working principle, the adaptation of the prosthesis to the different
walking speeds should be investigated.
3.4

conclusion

In this study, we developed the concept of a fully-passive trans-femoral
prosthesis, inspired by the power flow in the natural human gait. A
physical concept was derived accordingly, employing two storage elements for the absorption intervals in the healthy gait. The power
flow of the mechanism during walking was examined in simulation.
An initial prototype was built in order to validate the concept in real
conditions. The test results showed that the working principle of the
energy storage, exchange and release for the ankle push-off performs
successfully.

4

WA L K M E C H : E N E R G Y R E C Y C L I N G
TRANS-FEMORAL PROSTHESIS

This chapter is based on the article called "WalkMECH: Energy Recycling Trans-femoral Prosthesis - From Conceptual Design to Functional Tests -" and it will be published in the PLOS One.

29

In this study, we present WalkMECH, a fully-passive, energetically
efficient, trans-femoral prosthesis. The design is inspired by the power
exchange between the hip, knee and ankle joints of the human leg.
The working principle of the prosthetic device is based on elastic
storage elements, which are responsible for the energetic recycling
between the knee and ankle joints. First, the conceptual design is
explained in detail. Then, the realization of the concept to a transfemoral prosthesis prototype is presented and finally, functional tests
that have been performed to evaluate the prototype with both healthy
and amputee participants are shown. In the mechanical design of
the prototype the energy is stored and used for the ankle push-off,
while the mechanism displays the natural leg behavior during walking. This is realized passively, i.e., without any active elements that
require power sources. The performance evaluation of the prototype
is presented and discussed with the kinematic and kinetic data from
the functional tests.
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4.1

introduction

Amputation of a lower limb may happen due to trauma or diseases. In
case of a trans-femoral amputation, not only the knee and ankle joints
are missing but also the bi-articular muscles, which could provide
energy exchange, are lost. An amputee with a conventional passive
trans-femoral prosthesis consumes about 65% of additional metabolic
energy during normal walking [64, 46, 47]. Not only the duration and
the quality of walking is decreasing, but this condition can also lead
to injuries on the intact limb in the long term because of compensatory efforts [29]. Therefore, it is highly important and challenging
to design a both metabolically and bio-mechanically efficient transfemoral prosthesis, which is able to provide the functions of the lost
leg.
The trans-femoral prostheses can be mainly classified into three
groups: passive, micro-processor controlled and powered, as described
hereafter:
• Passive trans-femoral prostheses, designed to exploit the dynamics of walking, provide the function of the lost leg without any actuation. This type of prosthesis can be considered
mechanically efficient, since its functions are not executed by
means of external actuation. However, the absence of ankle pushoff and the invariable dynamic properties decrease the quality
and economy of walking drastically [63].
• Inherently passive controlled trans-femoral prostheses make use
of actuators only to control the dynamics in order to adapt to
different walking conditions. Examples of this type of prosthesis
use a magneto-rheological fluid with varying viscous characteristics as a controllable damper for the automatic adjustment of
the prosthesis [30, 12, 54]. It has been shown that the walking
quality improves with this kind of prosthesis [21], and the oxygen consumption decreases during walking at varying speeds
[53, 8]. The use of actuators to change the dynamics of the prosthesis is bringing another challenge, i.e., to store sufficient energy within limited dimensions.
• Active (powered) trans-femoral prostheses have external actuators to generate the motion of walking by injecting power into
separate joints, with pneumatic [50], electrical [38, 2, 27, 16, 51],
or hydraulic [17] actuators. The torque values around the joints
are relatively high for a small range of motion in a short time.
This leads to a high power demand being placed on the actuators [52]. Since natural walking is a mechanically energyefficient cyclic task, the use of external power already deteriorates the overall system efficiency in comparison with the natural human gait. Moreover, the power requirement during an
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extended period of time makes the design more challenging
and complex.
From an energetic point of view, this classification illustrates the
main challenges of the design of a trans-femoral prosthesis. Some of
the current studies focus on combining the advantages of these three
types, in order to obtain an optimal design. In [44, 45, 9], an element
is present at the knee joint which stores energy during flexion and
releases it in another phase of the gait in order to support the energy requirement. The control of the prosthesis is realized by electromagnetic drum brakes [15]. A semi-active knee prosthesis, which
combines the advantages of the powered and damped prostheses,
has been designed based on a hydraulic actuator with a controllable
valve [32]. Depending on the state of the prosthesis, required active
assistance or passive resistance is applied to control the prosthesis. In
another design study on a powered knee prosthesis based on a series
elastic actuator is proposed for reducing the net power consumption
[33].
All the aforementioned studies emphasize the importance of reducing power consumption, both as a metabolic cost and as required
from the external actuators. The natural human gait can be considered a mechanically efficient cyclic task because of the energetic relations created by the muscles and the tendons between the hip, knee
and ankle joints [40, 25, 6]. Since these are missing in amputees,
higher metabolic energy consumption is mainly caused by the extra
muscular effort from the residual limb [64, 47]. Table 3 presents the
additional energy consumption, walking speed and oxygen consumption in different levels of amputations and highlights the significant
difference in trans-femoral amputation according to these aspects [14].
Realizing the energetic relations between the joints as in natural gait,
employing energy storage and transfer mechanisms, could be the key
aspect in the design of an energy-efficient trans-femoral prosthesis
[62, 56].
Providing the energy for realizing ankle push-off is a major objective in our study for reducing the additional metabolic cost of an amputee during walking. The primary implementation of this concept
[55] has shown promising results. In this study, we present the design
and realization of the prototype WalkMECH, a fully-passive energyrecycling trans-femoral prosthesis for walking. To derive such kind of
design, the kinematic relations between the ankle and the knee joints
and the power flow during natural human gait have been analyzed
and the design parameters of the prosthesis have been determined accordingly [3]. The design includes elastic elements but no motors or
dampers. In other words, neither the energy injection from external
power source nor the removal of the energy by using dampers takes
place in this novel trans-femoral prosthesis design [58]. The elastic
elements temporarily store the energy and redistribute it between the
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amputation

energy cost

extra energy

level

[J/kg · m]

[%]

long trans-tibial

3.56

10

short trans-tibial

4.19

40

trans-femoral

5.86

65

Table 3: O2 and extra energy consumption regarding to amputation level
[29].

joints. The validation of the concept and design is presented with the
evaluation of the power flow of the WalkMECH prototype with functional experimental tests on both healthy and amputee participants.
4.2

the conceptual design

The conceptual design of WalkMECH proposed in this work uses the
dissipative phases of walking to provide an ankle push-off, with a
fully passive system while maintaining the natural walking behavior.
The conceptual design allows to:
• Store energy (power absorption for the realization of an energyefficient system),
• Provide the energy exchange between the knee and ankle joints
(for energy-recycling),
• Release energy (for ankle push-off to reduce metabolic cost),
• Lift up the forefoot during swing (for ground clearance),
• Mechanically control the ankle and knee joint relatively during
gait (for a stable and comfortable push-off).
In order to grasp the nature of walking, we analyze the bio-mechanical
data of the human gait, as presented by Winter [65]. In particular, Figure 15 depicts the power flow at the knee (upper) and ankle (lower)
joints during one complete stride of a healthy human, normalized
in body weight. The figure highlights three instants, i.e. heel-strike,
push-off and toe-off, and three main phases:
1. Stance: the knee absorbs a certain amount of energy during flexion and generates as much as the same amount of energy for its
extension. In the meantime, the ankle joint absorbs energy, represented by A3 in the figure, due to the weight bearing.
2. Push-off: the knee starts absorbing energy, represented by A1 in
the figure, while the ankle generates the main part of the energy
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for the push-off, represented by G, which is about the 80% of
the overall generation.
3. Swing: the knee absorbs energy, represented by A2 in the figure,
during the late swing phase, while the energy in the ankle joint
is negligible.

Figure 15: The power flow of the healthy human gait normalized in body
weight in the knee (top) and the ankle (bottom) joints during
one stride [65]. The areas A1,2,3 indicate the energy absorption,
whereas G indicates the energy generation.

The analysis of the values of energy absorption (corresponding to
the areas A1,2,3 ) and generation (G) gives insightful information. It
can be noted that, in the healthy human gait, the knee joint is mainly
an energy absorber whereas the ankle joint is an energy generator. In
particular, the knee absorbs about 0.09 J/kg during pre-swing phase
(A1 ) and 0.11 J/kg during late swing phase (A2 ). On the other hand,
the ankle absorbs approximately 0.13 J/kg during stance phase (A3 )
and generates about 0.35 J/kg for push-off (G). These values show
that there is almost a complete balance between the generated and
the absorbed energy, since the energy for push-off generation (G) is
almost the same as the total energy absorbed in the three intervals
A1,2,3 .
Based on these evaluations, WalkMECH relies on three distinct elements, as explained with their working principles in the following
subsections.
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4.2.1

The Linkage Mechanism

The linkage mechanism C1 , shown in Figure 16, couples the knee
and ankle joints and is responsible for the transfer of the energy between the joints during the push-off phase. This element not only
contributes energetically to push-off, but it also provides control during this phase. This mechanism is basically a link that is designed
to keep the kinematic relation of the knee and ankle joints during
push-off generation. It is observed that the relation between the knee
and ankle angles at this interval is almost linear, so we can actually
define a constant transmission ratio for the first stage to achieve normal walking. Therefore, the power flow between the joints during this
phase is pre-determined from the natural gait kinematics. By this connection, also the simultaneous transfer of the energy from the knee
joint at the pre-swing absorption A1 , to the ankle joint for push-off
is realized. Therefore, this kinematic constraint provides the natural
walking kinematics while it is also providing an energy contribution,
namely A1 , to the ankle push-off generation from the knee joint as a
consequence of closed-loop kinematic chain.

Figure 16: Sketch representation of the linkage mechanism between the knee
and ankle joints.

4.2.2

The Movable Elastic Element

The movable elastic element C2 , shown in Figure 17, couples the upper and lower leg. It is responsible for the absorption of the energy
during the swing motion of the lower leg and transfer of this energy to the ankle joint for push-off. It also pulls up the foot during
the swing motion to prevent scuffing. The working principle of C2 is
also depicted in Figure 17 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 the
push-off phase. As the lower leg starts to swing forward, the ankle
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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
C2 . Finally, the energy stored in this element is released to contribute
to the ankle push-off (6, 7).

Figure 17: Sketch representation of the working principle of movable elastic
element during a complete stride (from toe-off to toe-off).

4.2.3

The Ankle Elastic Element

The ankle elastic element C3 , shown in Figure 18, connects the foot
and lower leg, and it is responsible for the absorption of the energy during stance phase and for the push-off generation. 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
C3 is used for the absorption of A3 during stance, as connects the
heel (P4 ) and lower leg (P5 ) and acts at the ankle joint (Figure 18).
Note that also C2 contributes to the braking torque. 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 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 C1 is
only active during push-off and a switching mechanism is included
to ensure that C3 is only active during the stance phase, thus there is
no undesirable interference of the energy storage parts during swing
phase. Since the activation and deactivation of the storage elements is
not accompanied by a length change, ideally no dissipation is present.
Note that, since the flexion and extension of the knee joint during
the stance phase is not considered to contribute energy to the ankle
push-off generation, during this phase the knee joint is kept straight.
In order to achieve this, a few degrees of hyper-extension of the knee
joint is allowed for locking the knee by using the load on the elastic
element C2 as locking force.
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Figure 18: Sketch representation of the working principle of the ankle elastic
element during stance phase (weight acceptance and roll-over).

4.3

design parameters

The design parameters for the conceptual mechanism are derived by
using the energy absorption values of the healthy human gait [65]. In
particular, for both swing and stance phases, we identify the storage
elements by using the bio-mechanical data for a human of 1.80 m
height and 75 kg body mass [42].
4.3.1

Swing Phase

The elastic constants of the springs employed for the swing phase are
derived from the energy values of the absorption interval A2 .
1
A2 = k2 δs2 2 ,
2

(1)

where δs2 is the deflection of the spring C2 and is given by
δs2 =| PP3 P2 | −s20 ,

(2)

where the magnitude of PP3 P2 is the length of the C2 element when
it is attached between P3 and P2 (see Figure 17) and s20 is its initial
length, in the beginning of the swing phase (see Figure 17 - 2). It
follows that k2 = 244 N/m · kg.
4.3.2

Stance Phase

During the stance phase, the energy is stored in both C2 and C3 .
It should be noted that, this parallel structure leads to smaller elastic
constant for the element C3 , which can be considered as an advantage
for the design.
During the stance phase, the maximum deflection, δs2 , of the storage element C2 is given by,
δs2 =| PP3 P1 | −s20 ,

(3)
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in which the magnitude of PP3 P1 is the length of the element C2 when
it is attached between P3 and P1 and s20 is its initial length, at the
beginning of roll-over (see Figure 17 - 5).
The deflection δs3 of the ankle elastic element is given by,
δs3 =| PP5 P4 | −s30 ,

(4)

in which the magnitude of PP5 P4 is the length of the element C3 ,
attached between P5 and P4 (see Figure 18), and s30 is its initial
length,at the beginning of roll-over (see Figure 18 - left).
The elastic constant k3 of the ankle elastic element C3 can be found
from the energy value of the absorption interval A3 , i.e.:
1
1
A3 = k2 (δs2 2 − s2 2 ) + k3 δs3 2 ,
2
2

(5)

where k2 is the elastic constant of the storage element C2 . It follows
that k3 = 1375 N/m · kg.
The transmission ratio for the linkage system C1 is obtained from
the linear fit between the knee angles and ankle angles during pushoff (i.e., between 40% - 60% of the stride).
4.4

construction of the prototype

Since the simulation results of WalkMECH has shown promising performance for realizing the push-off at the ankle joint [59], we proceed
with the realization of the prototype. In this section, the details of
the prototype construction of WalkMECH according to the working
principle are provided.
4.4.1

The Knee and Lower Leg

The CAD drawing of the total prototype is depicted in Figure 19.
The knee joint is a single axis connection, implemented with two ball
bearings. The upper (01) and lower part (02), are made of a 6061
aluminium alloy. A small damper is fitted inside the knee to damp
the knee extension at the end of swing phase: if the swing momentum
becomes too high, due to excessive hip flexion, this damper prevents
hitting at full knee extension. The damper is also used to set the
degree of hyper-extension during stance.
4.4.2

The Linkage Mechanism

The linkage mechanism C1 is a physical coupling between the knee
and ankle joints. It couples the knee flexion to the ankle plantarflexion and vice versa. The linkage system consist of two gears (03)(04), and a pulley (05) which are integrated in the knee. From the
knee, a steel cable (08) runs through the shank to a second pulley (09)
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Figure 19: CAD representation of the fully-passive trans-femoral prosthesis
prototype.

in the ankle joint. This cable is flexible enough to run over the small
diameter guidance wheels (06) that feed the cables into a lightweight
carbon fiber shank. The steel cable is tensioned by a fine threaded
socket that slightly extends the shank by the rotation of a nut (10).
The connection between the second gear (04) to the first pulley (05)
is made elastic by a specially designed flange coupling, which gives
the possibility to adjust the compliance of the mechanism according
to the user for normal walking. The linkage mechanism is mechanically activated at heel-off and deactivated at toe-off. It engages with
the load based locking system and deactivation occurs only if the
resulting ankle moment is zero.
4.4.3

The Foot

The foot is made of three parts: the flexible heel, which is rigidly connected to the shank, the forefoot, which is connected to the shank by
a rotational joint that forms the ankle joint, and a flexible toe, which
is rigidly connected to the forefoot. The ankle elastic element C3 is realized with two linear springs, which are fitted in two cylinders and
are extended from 0 to 10◦ of dorsi-flexion. The connection ends are
implemented with a length adjustable ball socket rod end and a shaft
with sliding bushings. The foot and heel are made out of carbon-fiber
reinforced plates. FEM calculations have been done with a flexural
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module of 125000 MPA related to 45◦ layered UD carbon-fiber material. The heel is designed to flex between 7.8 mm and 15.4 mm depending on the knee angle at heel-strike. The toe flexes to a maximum
of 30◦ , which is derived from a ground pressure plot by considering
the peak ground reaction force. The amount of energy is sufficient to
compress the two springs over a length of 10 mm. Together with a
moment arm length of 55 mm towards the ankle joint, the springs deliver an additional 98 Nm of push-off torque. The lower attachment
point of the movable elastic element C2 is held in position by a hook.
The slider is released at 6◦ rollover with a small pin that pushes down
the slider hook by dorsi-flexion of the forefoot. The slider trajectory is
designed as adjustable by a left/right hand threaded stud. Therefore,
the angle can be set such that the slider reaches the end of the trajectory at zero velocity. In case the angle is set incorrectly, a rubber stop
is fitted to prevent hitting at the end of the trajectory. There is also a
groove to hold the slider in position during push-off generation, until
all of the energy is released.
4.4.4

The Movable Elastic Element

Figure 20: Implementation of movable elastic element as a progressive elastic element.

The movable elastic element C2 is employed for storing energy during the swing phase and transfer it to the ankle joint for push-off generation. Furthermore, this element is also employed for creating a natural moment profile around the ankle joint during the stance phase.
In order to get the natural swing braking torque around the knee
joint, instead of a linear spring as in the conceptual design, a progressive elastic element is designed as a spring structure with stepwise-
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change of elastic constants. This structure includes three springs with
the pre-determined elastic constants according to the torque profile
of a natural knee joint during swing phase. The engagement of the
springs takes place according to the pre-defined deflection values,
shown in Figure 20 and implemented in the prototype. In this way,
the prosthesis follows the natural knee torque profile more closely
and still allows to have a zero moment arm length at the end of the
swing phase. To have a zero moment around the knee and ankle joints
at heel-strike is considered to be important for the safety. The combination of design parameters, i.e., spring dimensions and required
stiffness values resulted in the usage of a progressive spring fitted
inside a
30 mm tube. There is also a compression spring in this
tube for the knee full-flexion stop. If the user delivers an excessive
hip flexion during pre-swing, instead of flexing the knee up until 65◦ ,
i.e., the limit for normal walking as it has been set for the design, the
knee brakes the shank by compressing this spring. Following the fullflexion of the knee, this energy is released to the shank during swing
phase.

Figure 21: Animation of one stride (from heel-strike to heel-strike) of the 3D
CAD representation of the prototype with highlighting its distinct elements - C1 (green), C2 (red), C3 (blue).

The implementation of the working principle in the prototype is depicted in Figure 21 with the CAD representation of the system. Note
that, the application of elastic elements C2 and C3 are different from
the conceptual representations. Such that, C2 is not moving to the
front part of the foot but stops on the ankle joint in order to avoid extra torque on the ankle joint for practical reasons. On the other hand,
C3 is located under the foot instead of between the heel and shank
in order to exploit the size capacity within the limited dimension for
placing the relatively large springs. However, these deviations do not
interfere with the working principle of the system.
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evaluation of the prototype

Figure 22: The assembled prototype with a test socket designed for healthy
subjects and a healthy subject wearing the test socket with WalkMECH.

In order to evaluate the prototype of WalkMECH, primary functional tests on both healthy and amputee subjects have been executed.
These primary functional tests include only the evaluation of the functional performance of the prototype during level walking with 2 amputee participants. Therefore, these tests have been done with the approval from the scientific director board of the MIRA Institute at the
University of Twente. The picture of the assembled prototype is presented in Figure 22 with a bent knee test socket designed for healthy
subjects. Figure 23 shows the unilateral trans-femoral amputee participant with the personal socket and the WalkMECH. A complete
gait cycle of the participant is shown in Figure 24 from heel-strike to
heel-strike.
4.5.1

Research Protocol

Before the test, the subjects have been informed about the procedure
and are asked to sign an informed consent form. The prosthesis is connected and aligned to the participants’ socket by the prosthetic physician, using L.A.S.A.R-POSTURE device (Ottobock, Germany) for the
amputee subjects. A possible fall is prevented by several safety mechanisms: an emergency button in reach of the supervisor, sensors on
the end of the treadmill, a fall arrest harness, and safety rails alongside the treadmill. These safety arrangements are evaluated by a Risk
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Figure 23: The trans-femoral amputee patient is wearing the prosthesis with
the personal socket.

Figure 24: One stride of amputee with WalkMECH.

Inventory & Evaluation procedure according to EN954 standard (see
Appendix A).
In this study the participant has been asked to perform an even
ground walking on R-mill, the 3D rehabilitation tread-mill instrumented with force sensors (Forcelink B.V., The Netherlands), at normal speed (4.6 km/h) by using WalkMECH.
The kinematic data are measured with a PTI Visualeyez motion
capture system (PTI, Canada) for defining:
• Prosthetic and intact limbs joint angles, angular velocities and
accelerations,
• Prosthetic side’s hip joint positions, velocities and accelerations
in Cartesian coordinates (x,y,z) with respect to the reference coordinate frame on the ground in order to compare the results
with natural walking [65].
The kinetic data are measured from the R-mill for defining:
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• Ground reaction forces from both prosthetic side and the intact
limb in order to evaluate the presence of the symmetry and
ankle push-off.
Together with the kinetic and kinematics data, an analysis of the
bio-mechanical power flow (energy absorption and generation) of the
ankle, knee and hip joints during a complete stride is done with an
inverse dynamic model.
4.5.2

Results

In this section, firstly the comparison of the prosthetic side joint angles with natural joint angles are presented. Following this, the ground
reaction forces for both the prosthetic limb and intact limb of the amputee participant are given. Finally, the power flow of the WalkMECH
prototype is displayed and compared with the natural walking.
Figure 25 displays the hip, knee and ankle joint angles of natural
(continuous blue line [65]), healthy subject with WalkMECH (starred
blue line), amputee subject with WalkMECH (continuous red line)
and participant’s prosthesis (dotted blue line), 3R80 - mechanical
knee joint (Ottobock, Germany). The vertical axis indicates the angles in degrees while the horizontal axis shows the percentage of one
complete stride time.
From Figure 25, it can be noted that the gait of both the healthy
and the amputee subjects walking with WalkMECH (starred blue line,
continuous red line respectively) are kinematically similar to the natural gait (continuous blue line [65]). From the joint kinematics, it can be
seen that the gait of the amputee subject walking with 3R80 (dotted
blue line) is significantly different than the others. Note that the data
of the ankle joint while amputee subject walking with 3R80 has not
been captured due to the absence of push-off at SACH (Solid Ankle
Cushion Heel, Ottobock, Germany) foot.
Figure 26 shows the ground reaction forces of the intact (black line)
and prosthetic (red line) limbs of the amputee subject during one complete stride. The vertical axis represents the raw values of the ground
reaction forces while the horizontal axis displays the percentage of
one complete stride. The figure highlights the symmetric loading behavior for both sound and prosthetic limbs of the amputee subject
while walking with WalkMECH. The size of the double support area
shows the occurrence of the ankle push-off generation, which is visible in the figure. Note that, the data from both sides (prosthetic and
intact limbs) have been given as a raw data from the force-plates under the treadmill, which includes the noise from the tread-mill as
well. Since the prosthesis is more rigid compared to natural human
foot, the noise-effect on heel-strike is more visible.
In Figure 27, the absorption and the generation of the energy around
the knee and ankle joints are shown for natural (blue line [65]) walk-

45

46

walkmech: energy recycling trans-femoral prosthesis

ing and for amputee (red line) subject walking with WalkMECH. The
vertical axis represents the values of the power around the joints
while the horizontal axis displays the percentage of one complete
stride. The positive values for the power represent the energy generation whereas the negative values stand for the energy absorption
around the joints.
4.5.3

Discussion

It can be observed from Figure 25 that the excessive hip motion is
drastically reduced with WalkMECH compared to when the participant walks with own prosthesis. This is already showing the significant effect of having ankle push-off and indicating that the metabolic
cost may reduce drastically, since the power around the hip joint also
reduces. However, the hip kinematics are still excessive, since the participant needs to be sure that the prosthesis reaches hyper-extension
before the heel-strike. This deviation might become smaller when the
subject walks on the prosthesis for a longer period and becomes more
confident with it.
Since the knee joint is kept straight during stance phase, the kinematics of this joint is different than in natural gait during this phase.
The deviation of the knee kinematics with WalkMECH (continuous
red line) from the natural gait (continuous blue line [65]) during pushoff is due to the kinematic coupling between the knee and ankle joints
with the linkage mechanism. Excessive knee angle at full flexion is
due to the hip input, which also causes faster swing motion.
The ankle joint kinematics with WalkMECH is deviating from the
natural ankle kinematics because of the design of the foot. The double
body structure of the foot prevents the ankle joint plantar-flex at the
beginning of the stance phase. Since the heel-strike is absorbed with
an elastic heel, the ankle joint starts rotating later than the natural
ankle joint. The deviation at the end of the swing phase occurs due to
the free motion of the ankle joint. Since this part is not contributing
to the power flow of the gait cycle, this deviation can be neglected.
It can be observed from Figure 26 that the double peak of the
ground reaction forces during stance shows the natural loading and
walking behavior and the presence of ankle push-off. Having similar
force profiles and values for both of the limb is also supporting this
result. During ankle push-off however, the ground reaction force of
the prosthetic limb side has a higher peak value than the intact limb
side, which reflects the faster push-off. The impulsive characteristics
of the ground reaction force for the prosthetic limb side take place
due to the noise created by the motion of the movable elastic element
and by the reaction of treadmill to the rigid body.

4.6 conclusions

From Figure 27, even though the power flow behavior is deviating
from the natural one, a significant amount of ankle push-off generation is realized, which proves the principle of the design.
The power flow at the knee joint is deviating during stance, since
the knee is kept straight (in hyper-extension). So no power exchange
takes place. During push-off, there is a small power generation at the
knee joint due to the power exchange created by the coupling element.
Following that, the knee is slowed down by the coupling element,
which results in power absorption. This power is then used to swing
the lower leg forward again. This extra power input creates the early
absorption phase and the knee reaches hyper-extension early. Even
though it could be seen as a drawback for obtaining the natural gait
profile, this setting has been chosen for safety conditions. It has been
observed that amputees have more confidence in the prosthesis as the
knee extension takes place faster.
In the ankle, it is visible that during the roll-over, energy is stored
within a shorter time range. The reason is that the ankle springs only
start loading from 0◦ . Higher peak power value around the ankle joint
takes place, since almost the same amount of energy that is generated
during push-off in natural gait is released in a shorter time range.
This deviation occurs due to the design of the ankle joint, and would
be reduced by designing a mechanism that has a power releasing
range matching with the human ankle joint.
Overall, the prototype of WalkMECH showed remarkable performance for realizing almost the same amount of energy that is generated during push-off in natural gait with the amputee participant
even without any training period. Note that often trans-femoral amputees are walking with much lower speeds (around 2-3 km/h). In
this study, the participant was able to walk at 4.6 km/h as self-selected
speed. There was almost a natural plantar-flexion of the ankle joint
during push-off, which validates the success of the distribution of the
energy between the joints. Moreover, the coupling element not only
recycled the energy between the ankle and knee joint during pushoff, but also provided comfortable push-off by delaying the power
burst from the ankle thanks to the compliance within the mechanism.
This affected the feeling of push-off drastically from the amputee side
in a positive way. These findings clearly showed that the conceptual
design performs in real conditions as it was designed for.
4.6

conclusions

In this study, we presented the conceptual design, realization and
evaluation of an energy-efficient trans-femoral prosthesis for walking, WalkMECH. In order to provide the required energy for the ankle
push-off generation, it contains three distinct elements. The design parameters of the prosthesis had been determined according to human
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bio-mechanical data for normal walking. Since the design is based
only on elastic elements instead of motors or dampers, the efficiency
of the system is inherent. The elastic elements temporarily store the
energy and redistribute it between the joints during walking. The
power flow of the mechanism had been evaluated in primary functional experimental tests on both healthy and amputee participants.
Preliminary experiments had shown promising results towards the
realization of an energy-efficient, fully passive trans-femoral prosthesis.

4.6 conclusions

Figure 25: Hip, knee and ankle joint angles of natural gait (continuous blue
line [65]), healthy subject gait with WalkMECH (starred blue line),
amputee subject gait with WalkMECH (continuous red line) and
with participant’s prosthesis, 3R80 (dotted blue line).
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Figure 26: Ground reaction forces of the intact (black line) and prosthetic
(red line) limbs of the amputee subject.

Figure 27: Power flow of the knee and ankle joints of natural leg (blue [65])
and WalkMECH (red).

T H E D E S I G N A N D C O N T R O L O F WA L K M E C H a d a p t

This chapter requires a non-disclosure agreement due to the patent
application, following the application it will appear as an article called
"WalkMECHa d a p t: The design and control of an energy recycling
trans-femoral prosthesis for different walking speeds" in the PLOS One.
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In this study, we present the design and implementation of the
actuation system and its controller for adapting the energy storage
capacity of the WalkMECH according to the different walking speeds
and gait characteristics of an amputee. Since the main aim is to keep
the design both mechanically and metabolically energy-efficient, the
actuation system is designed based on the minimal actuation principle. With this aim, the system is designed to change the equilibrium
position of the movable elastic element, which stores the energy during the swing phase of the gait, when it is unloaded. The overall
system, called WalkMECHadapt, is evaluated with the experimental
test set-up with a healthy subject. Test results show that the system is
working sufficiently for adapting the energy storage capacity of the
WalkMECHadapt thanks to the principle of the the actuation system
and the simple nature of the controller architecture.
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5.1

introduction

The main problem of a trans-femoral amputee is walking with an
excessive metabolic cost (around 65% more than for an able bodied
person) [63, 53, 8, 64, 46, 47]. Since the metabolic energy burden is
excessive, the quality of walking is reduced and also the quality of
life. This might even lead to amputees walking with crutches or using
a wheelchair instead of using prosthetics. Moreover, it is more likely
that an amputee relies more on the intact limb and/or compensates
the functions of the knee and ankle joints by using hip joint of the
residual limb excessively. It is reported that this loading is about three
times higher than the loading of an able-bodied person [65]. The latter
might even lead to injuries on the residual limb in the long term [29].
Therefore, designing a prosthetic device that can bring the cost of
walking close to the able-bodied level is a crucial task. On the other
hand, the metabolic cost increases with higher walking speeds [53, 8].
Therefore, most trans-femoral amputees tend to walk at a much lower
pace (around 35% less than that of an able-bodied person), which
brings the attention to the adaptation of the prosthesis to the different
walking speeds for reducing the metabolic cost and improving the
mobility of an amputee.
In terms of actuation principle, trans-femoral prostheses can be
classified in three distinct groups:
• Passive trans-femoral prostheses, designed to exploit the dynamics of walking, provide the function of a leg without any
actuator. This type of prosthesis can be considered mechanically
efficient, since the functioning is not executed by means of external actuation. However, the absence of natural ankle push-off
and the invariable dynamic properties decrease the quality and
economy of walking drastically [63, 53, 8, 46].
• Inherently passive controlled trans-femoral prostheses make use
of actuators only to control the dynamics in order to adapt to
different walking conditions. One example of this type of prosthesis uses a magneto-rheological fluid with varying viscous
characteristics as a controllable damper for the automatic adjustment of the prosthesis [30, 12, 54]. It has been shown that the
walking quality improves with this kind of prosthesis [21, 28, 5],
also the oxygen consumption decreases during walking at varying speeds [53, 8]. The use of actuators to change the dynamics
of the prosthesis is also bringing another challenge, i.e., to provide sufficient power source and energy within limited dimensions.
• Active (powered) trans-femoral prostheses have external actuators to generate the motion of walking by injecting power, with
pneumatic [50], electrical [38, 2, 27, 16, 51, 18], or hydraulic [17]

5.1 introduction

actuation. The torque values around these joints are relatively
high for a small range of motion in a short time. This leads
to a high power demand from the actuators [52]. Since natural walking is a mechanically energy-efficient cyclic task, the
use of external power already deteriorates the overall system
efficiency in comparison with the natural human gait. Moreover, the power requirement during an extended period of time
makes the design more challenging and complex.
From an energetic point of view, this classification indicates the
main challenges for the design of a trans-femoral prosthesis. In particular, the absence of ankle push-off leads to higher metabolic energy consumption, whereas external actuation requires a large power
source to generate this energy.
Besides trans-femoral prostheses, some studies show the metabolic
advantage of the energy store-and-release prosthetic feet at higher
walking speeds compared to the conventional solid feet [36] whereas
the higher metabolic energy consumption remains at lower speeds
[10, 24]. Moreover the studies on the actuator design for a trans-tibial
prosthesis [22, 23, 4] show that energy storage and release mechanisms are promising to improve the mechanical energy-efficiency.
Both clinical and bio-mechanical research studies have shown that
the adaptation of the prosthesis for different walking speeds is improving the walking economy, however the lack of ankle push-off generation is still the main limitation for the metabolic energy-efficiency
and the quality of walking. Regarding the latter, we presented the design and realization of an energy-efficient trans-femoral prosthesis for
walking in our previous studies [56, 55, 57, 3, 59, 60, 61]. It contains
three distinct elements, which provide a large portion of the required
energy for the ankle push-off generation [58].
The experimental evaluation of WalkMECH on both healthy and
amputee subjects showed remarkable results, especially by providing
a significant amount of energy for the ankle push-off without deteriorating the natural gait kinematics. Approximating the hip motion of
the affected side to the healthy human hip motion was an indication
of reducing the metabolic cost of an amputee during walking [55]. Following this evaluation, we continued the similar experiments with different gait speeds (slow - 3.6 km/h, normail - 4.9 km/h, fast - 6 km/h)
by manually changing the equilibrium position of the movable elastic element that stores the energy during the swing phase. The idea
is that the energy capacity adaptation of the prosthesis would enable
the amputee to adapt to the different walking speeds. The comparisons of the prosthetic and natural gait kinematics for the hip, knee
and ankle joints are presented in Figure 28.
These figures show that the joint kinematics are changing with the
similar profile according to the walking speed. The deviation from
the natural gait profile of the amputee gait is mainly due to the faster
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Figure 28: Comparison of the natural (right) and prosthetic (left) hip (top),
knee (middle) and ankle (bottom) joint angles during walking at
slow (dotted), normal (blue) and fast (red) speeds.

push-off at the ankle joint which was discussed in detail in the previous chapter. Overall, these results are justifying the idea behind the
actuation system and the controller architecture that is presented in
this study. Since the configuration change of the movable elastic element can be done when there is no load on the element, this method
not only provides the walking speed adaptation but also the minimal
actuation principle. The design and the controller for the adaptation
are explained in the following sections. Finally, the results of preliminary tests on healthy subjects are presented with discussions.

5.2 principle of walkmechadapt

5.2

principle of walkmechadapt

5.2.1

Gait Analysis

In this section, we analyze the energetics of walking at different speeds
for an able-bodied person by using the data from Winter [65]. In Figure 29 the comparison of power flows around the knee and ankle
joints during walking at normal (4.8km/h), slow (3.6km/h) and fast
(6.3km/h) speeds are shown. The figure highlights three instants, i.e.
heel-strike, push-off and toe-off, and three main phases:
• Stance: the knee absorbs a certain amount of energy during flexion and generates as much as the same amount of energy for its
extension. In the meantime, the ankle joint absorbs energy, represented by A3 in the figure, due to the weight bearing.
• Push-off: the knee starts absorbing energy, represented by A1 in
the figure, while the ankle generates the main part of the 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 in the figure,
during the late swing phase, while the energy in the ankle joint
is negligible.

Figure 29: The comparisons of power flow around the knee and ankle joints
during walking at normal (4.8km/h), slow (3.6km/h) and fast
(6.3km/h) speeds [65].

The power flows at various speeds show quite similar behavior, but
the amplitudes are changing according to the gait speed. As expected,
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energy [J/kg]

A1

A2

A3

g

ratio (A sum /G)

slow

0.04

0.07

0.10

0.22

0.98

normal

0.09

0.11

0.13

0.35

0.91

fast

0.22

0.13

0.06

0.48

0.89

Table 4: Energy values of absorption and generation in human gait at different speeds [65].

the energy values are increasing with the walking speed. These values are given in Table 4. The difference in absorption is particularly
visible at the knee joint. The absorption of energy in the knee joint is
increasing with walking speed, as is the energy required for the ankle push-off generation. This straight-forward analysis already shows
the importance of the knee joint for the adaptation of the prosthesis
to the walking speed.
5.2.2

Conceptual Design

The conceptual design of the prosthesis is inspired by the human
gait analysis and it is based on the energetic relations of the knee and
ankle joints. There are three elastic energy storage elements which act
around these joints and which release the stored energy for the ankle
push-off generation [57]. In Figure 30, the sketch representation of
the conceptual design is presented and the elements are described as
follows:
• One torsional elastic element C 1 at the knee joint, responsible
for the absorption A 1 and for its transfer (during swing phase)
to the elastic element C 2 .
• One movable elastic element C 2 , which physically connects the
upper leg and the foot. Therefore, it couples the knee and ankle
joints. This element is responsible for the absorption A 2 during
the swing phase and for a part of the absorption A 3 during the
stance phase.
• One linear elastic element C 3 , which physically connects the
lower leg and the foot and is responsible for the absorption of
A 3 during the stance phase.
It is assumed that the knee joint absorbs and generates the same
amount of energy during the stance phase, therefore, the knee joint
is not considered as a contributor to the ankle push-off generation
for this phase and an elastic element to mimic this behavior is not
included in the design.

5.3 realization

Figure 30: Sketch representation of the conceptual design.

As it is stated in the previous section, the values of energy that is
absorbed and generated around the knee and ankle joints are varying
for different walking speeds. Therefore, the prosthesis should also reflect these changes in energetic values. This modulation can be done
in many different ways and some of them have been already discussed in the introduction, such as adding actuators. Since the mechanical energy-efficiency is as important as metabolic efficiency, this
adaptation should require minimum effort from the actuators. We
choose to realize the energy storage capacity adaptation by changing
the configurations of the elastic elements in the system when there is
no load on them.
This configuration change is done by changing the zero-length, i.e.,
the equilibrium position, of movable elastic element C2 , denoted by
x0 in Figure 30. This way, the energy storage capacity of this element
can be adapted according to the different walking speeds.
5.3
5.3.1

realization
Actuation System Design

The mechanical design and realization of the new prototype are mainly
based on the design of the previous prototype and both of them are
shown in Figure 31. More details of the design and realization of the
previous prototype can be found in our earlier studies [56, 55, 57, 3,
59]. An actuator that changes the equilibrium position of C2 is designed to be integrated into the prosthesis.
In this section, first the realization of the actuator is discussed and
then the implementation of the proposed control system is presented.
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Figure 31: WalkMECH and WalkMECHadapt.

The design of the actuation system is done with the idea of minimal actuation effort in order to keep the prosthesis as energy-efficient
as possible. Therefore, the system should be very lightweight, compact and equipped with only a small actuator to minimize the power
consumption. On the other hand, the forces on the actuation system
are high, since it is in series with the elastic element C2 . To keep
the power consumption and the requirements of the actuator low,
the equilibrium position of the spring is changed only when it is unloaded. To avoid changing the equilibrium position when the spring
is loaded, a non-back drivable transmission is chosen. A DC-Gear actuator (Faulhaber, Germany) which has a 1:8 gearbox and an optical
encoder, is chosen in combination with a trapezoidal spindle. The actuator is coupled with the spindle via an Oldham coupling to avoid
misalignment and so that only the torque of the actuator is transmitted to the spindle. A bush bearing provides the concentric alignment
and handles the radial forces and bending moment. Slide bearings
are employed to handle the axial loads. They are chosen for their
compactness and ability to handle the high axial forces applied to the
system. In Figure 32, a section view of the actuation system is shown
with highlighting its parts.
5.3.2

Instrumentation of Electronics

To implement the controller, a system based on an Arduino microprocessor nano board (Smart Projects, Italy) is chosen. The optical encoder on the actuator is used in order to measure the position of the
system. For measuring the knee angle, necessary for the controller, a

5.3 realization

Figure 32: Section view of CAD drawing of the actuator.

Figure 33: The electronics of the controller.

magnetic encoder is employed. This encoder, which provides contactless and high resolution (12bit) angle measurement, has a lightweight
and compact structure. A second encoder is used for measuring the
ankle angle in order to compare the angles with those of an ablebodied person and of the previous prototype. The Arduino board is
placed on a custom PCB to house the connectors and the H-bridge.
The data recorded by the Arduino board can be sent to a computer
via a serial port. This can either be done via a USB cable or wireless with a Blue-tooth or Xbee (Digi International, USA) module. In
order to emphasize the compactness, the electronics installed for the
controller are presented in Figure 33.
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5.4

controller

The controller is programmed on the Arduino board according to the
diagram shown in Figure 34. The different blocks are explained in
this section.

Figure 34: Block diagram of the controller.

In Figure 34, a schematic overview of the controller is presented.
The feed forward part of the controller, shown in the gray and white
striped part, and the learning part of the controller, gray shaded part,
are described in this section.
5.4.1

Feed Forward Controller

Figure 35: Stride time calculation according to the knee joint angle.

The first block in the feed forward part of the complete diagram,
denoted with Tstr , uses the knee angle to determine the stride time.
This gives a measure for the walking speed and therefore can be used
to know how much energy should be stored in the elastic element. For
the on-line calculation of Tstr , we choose a certain knee flexion angle.
The time difference between the consecutive occurrences of this angle
gives Tstr in real-time. The choice of the angle is made by considering
the minimum knee flexion angle that takes place only once during
walking and it is set as 25◦ . Figure 35 shows how the stride time is
calculated from the knee angle.

5.4 controller

The next block, denoted by model, in the diagram estimates the
amount of energy that needs to be stored in C2 by using the stride
time information. Since the amount of energy is related to the walking
speed and therefore the stride time, a relation between the stride time
and the sum of the energy values, A1 + A2 , is found. The sum of these
absorption values are given according to the stride time for slow, normal and fast walking speeds in Figure 36 in order to determine this
relation, which is obtained by a simple double linear interpolation of
the three points. The relation is given in Equation 6, where EA1 +A2 is
the sum of the energy values of A1 + A2 in J/kg and Tstr is the stride
time in seconds. More smooth fits can be found with exponential and
log-log relations, however these methods require more complex calculations which is undesirable for real-time implementation of the
learning controller explained in the next section.

EA1 +A2 =

1.42 − 1.07 · Tstr

Tstr < 1.14s

0.56 − 0.31 · Tstr

Tstr > 1.14s

(6)

This relation is used in the following block for finding the required
equilibrium position for C2 . The relation between the stored amount
of energy and deflection of the elastic element C2 is given by Equation 7, where xnormal is the deflection value of the elastic element C2
at normal walking speed, which is defined as a reference deflection.
x0 , the set point for the actuator, is defined as an offset from this reference, k is the elastic constant of C2 and m is the body mass of the
amputee.
r
x0 =

2 · EA1 +A2 · m
− xnormal
k

(7)

The generated set point information is then used by the PD controller to control the actuator for changing the equilibrium position
of C2 to the desired set-point, x0 , as shown in the last part of the feed
forward system.
5.4.2

Learning Controller

The method described in the previous sections is a feed forward
way to calculate the set point for the equilibrium position from the
stride time without feedback. Since there are substantial differences
between the prosthetic and natural gait, it is desirable to have a feedback strategy on the model between the stride time and the stored
amount of energy. With this aim, a learning controller is proposed in
this subsection. This process is also shown in the diagram in Figure 34
with the gray shaded part.
The full-extension, hyper-extension in this case, of the knee joint
before the heel-strike is very crucial for the completion of the gait

63

64

the design and control of walkmechadapt

Figure 36: Relation between the stride time and energy A1 + A2 , the arrows
indicate the action of the learning controller.

cycle and the angular velocity of the knee joint at this moment is an
important indicator for the success of the energy storage at the elastic
element C2 . Ideally, the knee joint should have a zero angular velocity
when it reaches the hyper-extension, since all the kinetic energy of the
lower leg is stored in the elastic element C2 . However, in general amputees are inclined to apply extra hip torque to ensure their landing
on the ground with a fully extended knee joint, so the angular velocity
of the knee joint is often greater than zero at this moment. This implies an extra energy storage for WalkMECH depending on the gait
characteristics of an amputee, which requires an adaptation on the
set point change of the elastic element C2 . So, the proposed learning
controller modifies the energy value obtained from the model according to the error between the desired and actual angular velocity of
the knee joint at the hyper-extension before the heel-strike. This error
is used to modify the relation between the stride time and energy
amount that is given in the previous section. This is implemented by
using Iterative Learning Control (ILC) and the general form of the
algorithm is shown in Equation 8, where ui is a set point,ui−1 is the
previous set point, K is the learning gain and e is the error. Detailed
information on ILC are presented in earlier studies about learning
based control methods [7, 19]. The model is changed by updating
the two energy points shown in Figure 36 where the current stride
time lies in between. The amount of change is also depending on the
distance of the current stride time to the one of the energy points.
Since setting the desired angular velocity of the knee joint to be
zero at hyper-extension before the heel-strike is very restrictive with
respect to the safety condition, a small threshold value is set for the
desired angular velocity at this moment. When the amputee does not

5.5 results

apply enough torque to reach the hyper-extension, falling may take
place with this restriction.
ui = ui−1 + K · e

(8)

The algorithm with the modifications as described before is given
in Equation 9, where i is the current step, n is the point to be changed
(can be slow, normal or fast), v0 is the velocity of the knee at 0◦ and
vd0 is the desired velocity at 0◦ . This representation is for an energy
point related with a stride time that is less than the current stride
time.

Ei,n = Ei−1,n +

tstr,n − tstr
tstr,n+1 − tstr,n


· K · (v0◦ − vd_0◦ )

(9)

With the new energy points, the interpolated linear fit is recalculated to get the new map from stride time to the energy.
5.5

results

In this section, the results of the first experiment with a healthy subject are presented. First the test set-up is explained and some of its
limitations are mentioned. Following the results, the observations are
given in the discussion.
5.5.1

Test Set-up

The prosthesis has been primarily tested with a healthy subject for
evaluating the design principle and the control architecture. In Figure 37 the test set-up with a healthy subject wearing the prototype
is shown. The healthy subject is wearing a socket that is designed to
keep the prosthesis aligned with the participant’s knee joint and to
provide the capability of walking with a trans-femoral prosthesis to
the able-bodied person.
5.5.2

Test Results

First, the calculation of the stride time from the knee joint angle is
tested. The healthy subject walked with an increasing and decreasing
speeds. The results are presented in Figure 38. It is visible that the
stride time is decreased with every step when the speed is increasing
and vice versa.
In Figure 39, the desired set point, x0 , and its actual value, x̃0 is
presented. It is shown that x0 is changing with the variation in walking speed and x̃0 is following it. Since the actuator can only change
the equilibrium position during a short period of time within the gait
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Figure 37: The test set-up.

cycle (when the elastic element C2 is not loaded - ≈ 10% of the stride
time), it can be observed from the figure that the set point is reaching the desired value after several steps if the desired value changes
abruptly. One of the main reasons of the abrupt changes in the desired set point during this test is the highly compliant connection of
the socket with a large play. Therefore, it was very hard to observe a
smooth speed change on the knee joint velocity. Another problem is
the difficulty of walking with the socket designed for an able-bodied
person. Obtaining the steady walking with smooth transition between
different speeds was also very hard. In the part of the plot where the
set point needs to be changed less (< 2mm per stride), the actuator
follows the desired set point almost without an error. This would often be the case, since the natural walking has a smooth transition
from slow to fast speeds or vice versa, as long as it continues. So,
the performance of the controller and the actuation system is sufficient for the adaptation of the prosthesis to the transition between
slow to fast walking and vice versa. Therefore, we are expecting a
full-performance results from the controller and the actuation system while an amputee subject walks with the WalkMECHadapt. The
fast adaptation of the prosthesis when there are no abrupt changes is
thanks to the minimal actuation principle which works almost effortlessly.

5.6 discussion

Figure 38: Experimental evaluation of the stride time calculation with
healthy subject walking at varying speeds.

5.6

discussion

The prototype had been tested with a healthy subject to evaluate the
working principle of the actuation system and the control architecture.
It was shown with the results that the control strategy and the overall
system works sufficiently for adapting the energy storage capacity of
WalkMECHadapt considering the limitations of the socket which hinders the participant walking at a steady pace. Since it was also very
hard to change the speed smoothly due to this limitation, the learning algorithm could not be tested. The working performance of the
learning controller can be evaluated when the subject is walking for
a longer period of time on the same walking speed. The alignment of
the prosthesis was not sufficient since the prosthesis had a large lateral offset due to the presence of the healthy knee. The socket was uncomfortable and made it hard to walk with the prosthesis for a longer
period of time. The learning controller should therefore be tested
with an amputee subject in an experimental evaluation. The stride
time calculation evaluations showed good results for determining the
walking speed. Even if the desired set point value changed abruptly,
the actuator was able to follow within 2-3 steps which showed the
success of both the controller architecture and the actuation system
when considering the natural walking has a smooth transition between different speeds. The simple nature of the controller provided
real-time implementation without having any delay problems due to
the computation time and made it possible to perform with a simple
and low-cost processor even in the presence of disturbances created
by the experimental set-up for healthy subjects.
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Figure 39: Experimental data: Desired (dashed line) and actual (solid line)
set point of x0 for an increasing walking speed.

5.7

conclusion

In this work, the design and implementation of the actuation system with a controller for adapting the WalkMECH to the different
walking speeds and gait characteristics of an amputee was presented.
WalkMECH is an energy-efficient trans-femoral prosthesis due to its
design principle and the actuation system was designed based on a
minimal actuation principle to keep the efficiency as high as possible.
With this aim, the system was designed to change the equilibrium
position of the movable elastic element when it is unloaded. The test
results with a healthy subject showed that WalkMECHadapt adapted
its energy storage capacity successfully thanks to the principle of the
actuation system and the simple nature of the controller architecture.
Additional tests on amputees should follow this study to show the
actual performance of the controller architecture and the overall system, which is expected to be better with the absence of limitations
created by the experimental set-up for the healthy subjects.

6

CONCLUSIONS

6.1

general discussion & conclusions

The main objective of this study was to investigate the possibility to
realize the ankle push-off to improve the walking economy of a transfemoral amputee by realizing the energetics of walking with a fullypassive system. With this regard, we analyzed the kinematics and
kinetics of the natural human gait. According to these analyses, we
defined the energetics of the knee and ankle joints of the prosthesis
with respect to the phase of the gait, i.e., swing and stance.
In Chapter 3, the conceptual design based on the evaluation of the
natural human gait was introduced and its working principle was described. This design consists of two elastic storage elements, mainly
to provide the ankle push-off. The power flow performance of the
working principle has been initially evaluated with simulations. It
has been shown that 64% of the required energy for the ankle pushoff in natural human gait is delivered with this concept. Following
that, a simple mechanism has been built based on the working principle and tested as a proof of principle for the energy storage and
exchange concept between the knee and ankle joints. While the core
of the concept has been translated into the mechanism, several design
choices have been made for simplicity and practicality. These choices
created some deviations from the natural gait behavior, however the
main idea was kept.
For instance, the movable elastic element was implemented as a
bi-directional storage element to brake the knee joint after the fullflexion (after the 65◦ of knee flexion). The compressed energy within
the storage element then used for the initiation of the forward swing.
This was one of the reasons for the faster swing phase compared
to the swing phase of the natural human gait. However, the initiation of the forward swing with this energy contributed to realize the
full-flexion of the knee before the heel-strike. Especially, when the
torque input from the hip joint is inadequate, this contribution gained
high importance. Moreover, the compressed energy has already been
stored during the forward swing within the storage element in order
not to deteriorate the energy-efficiency of the overall system. Therefore, the deviation of the knee kinematics of the prototype from the
natural gait kinematics, created by this structure, was found to be
acceptable. On the other hand, the application of the linear springs
with decreasing moment arm created the deviation from the natural
torque profile of the knee joint which caused the faster swing mo-
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tion as well. In order to achieve a more natural torque profile, one
way is to construct a progressive elastic element, which compensates
the torque loss due to the decreasing moment arm around the knee
joint. This progressive elastic element was implemented in the second
prototype, WalkMECH. The deviation from the power flow of the natural knee joint was created by the hyper-extension of the knee joint
of the prototype 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 causes a loss of
stored energy.
Experimental evaluation of the prototype showed that the realization of the coupling concept with the movable elastic element is achieved
successfully. The ability to achieve a cyclic behavior with the device
and the similarity to the natural gait characteristics were presented
with these tests. It was also shown that the motion range of the knee
and ankle joints are covering the natural equivalents during normal
walking. The power flow evaluation resulted with the realization of
the ankle push-off by delivering about 50% of the required energy at
the ankle joint. In this regard, the performance of the concept was acceptable and promising for the development of a trans-femoral prosthesis. However, more energy storage was possible by extending the
working principle for the push-off phase of the gait.
In Chapter 4, the working principle of the design was extended
for more energy storage. Regarding that, the realization of the WalkMECH, fully-passive energy recycling trans-femoral prosthesis, was
introduced. The design consists of three elements with the implementation of the linkage mechanism. The mechanism was mainly employed for recycling the energy between the knee and ankle joints
during the push-off. It also improved the stability and comfort of the
prosthesis during the push-off. The simulation results showed that
the new design was able to reflect the natural gait characteristics and
deliver almost all of the required energy for the push-off in healthy
human gait.
Following these analyses, WalkMECH has been built and the prototype has been evaluated on both healthy and amputee subjects in
the experimental environment. It was shown that the gait of both the
healthy and amputee subjects walking with WalkMECH were kinematically similar to the natural gait. Especially, the excessive hip motion that took place when the participant walks with his/her own
prosthesis was drastically reduced with WalkMECH. This is already
reflecting the significant effect of realizing the ankle push-off in a
trans-femoral prosthesis and indicating that the metabolic cost may
reduce.
However, the hip kinematics of the participant were still different
compared to the one of an able-bodied person. This was mainly due
to the participant’s need to ensure that the prosthesis reaches the

6.1 general discussion & conclusions

hyper-extension before the heel-strike. This deviation might have become smaller if the subject walked on the prosthesis for a longer period of time and became more confident with it.
Since the knee joint was kept straight in the prototype during the
stance phase, the kinematics of this joint was different than in natural
gait during this phase. During push-off, however, the deviations of
the knee joint kinematics was due to the kinematic coupling between
the knee and ankle joints with the linkage mechanism.
Moreover, the ankle joint kinematics was deviating from the natural
ankle joint kinematics because of the ankle-foot design. The double
body structure of the foot constrained the ankle plantar-flexion motion that takes place at the beginning of the stance phase in natural
gait. Since the heel-strike was absorbed with an elastic heel, the ankle
joint started rotating later compared to the natural ankle joint. The deviation at the end of the swing phase occurred due to the free motion
of the ankle joint. Since the ankle joint is not contributing to the power
flow at this phase in the natural human gait cycle, this deviation can
be neglected.
The ground reaction forces during the stance phase showed the
natural loading and walking behavior and also the presence of the
ankle push-off. Having similar force profiles and values for both of
the limbs also supported these results and also showed the gait symmetry. During the ankle push-off however, the ground reaction force
of the prosthetic limb side had a higher peak value than the intact
limb side, which reflected the faster push-off compared to the natural
gait.
Power analyses of the prototype showed that a significant amount
of energy (almost all of the required energy) is released at the ankle
joint for the push-off, which proved the principle of the design. In the
ankle joint, it was visible that during the roll-over, energy was stored
and released within a shorter time range compared to the natural
gait. Therefore, a higher peak power value around the ankle joint
was observed.
Overall, the prototype of WalkMECH showed remarkable performance with the amputee participant even without any training period. Note that often trans-femoral amputees are walking with much
lower speeds (around 2-3 km/h). In this experimental evaluation, the
participant was able to walk at 4.6 km/h as self-selected speed. There
was almost natural plantar-flexion of the ankle joint during push-off,
which validated the success of the distribution of the energy between
the joints. It has been observed that amputees had more confidence
in the prosthesis as the knee extension takes place faster. This observation validated the discussion in Chapter 3 about keeping the bidirectional energy storage structure for the movable elastic element
within the prosthesis even though this structure created the faster
swing phase. Moreover, the coupling element not only recycled the
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energy between the ankle and knee joints during push-off, but also
provided comfortable push-off by delaying the power burst from the
ankle thanks to the compliance within the mechanism. This affected
the feeling of push-off from the amputee side in a positive way. These
findings clearly showed that the conceptual design performed in real
conditions as it was designed for.
In Chapter 5, the adaptation of the prosthesis to the different walking speeds and gait characteristics of an amputee was investigated
by further exploiting the working principle. Since WalkMECH is an
energy-efficient trans-femoral prosthesis due to its design principle,
the actuation system was designed based on the minimal actuation
principle to keep the mechanical efficiency as high as possible. With
this aim, the system was designed to change the equilibrium position
of the movable elastic element, which stores energy during the swing
phase of the gait, when there is no load on it.
The integration of the system into the prosthesis was explained
with the design principle. The prototype has been tested with a healthy
subject to evaluate the working principle of the actuation system and
the controller architecture. It was shown with the results that the control strategy and the overall system worked successfully for changing
the energy storage capacity of the prosthesis despite the limitations
of the socket, which enables the healthy subjects to walk with a transfemoral prosthesis. This limitation hindered the participant walking
with smooth transitions between the slow to fast gait speeds or vice
versa.
Since it was very hard to achieve a smooth speed change on the
knee joint velocity due to the limitations created by the experimental
set-up, the learning algorithm could not be tested. The working performance of the learning controller can be evaluated when the subject
is walking for a longer period of time. The socket was also uncomfortable and even made it harder to walk with the prosthesis for a longer
period of time. The alignment of the prosthesis was not sufficient
since the prosthesis had a large lateral offset due to the presence of
the healthy knee. The learning controller should therefore be tested
with an amputee.
Evaluation of stride time calculation showed good results for determining the walking speed. Even though the desired set point value
changed abruptly, the actuator was able to follow the set-point within
2-3 steps. This showed the adequacy of both the controller architecture and the actuation system when considering the natural walking
has a smooth transition between different speeds.The simple nature
of the controller provided the real-time implementation without having any delays due to the computation time and made it possible to
perform with a simple and low-cost processor even in the presence of
disturbances created by the test socket.

6.2 recommendations

In general it can be concluded from this thesis that the working
principle inspired by the power flow in the natural human gait has
shown remarkable success for realizing the ankle push-off and the
bio-mechanical characteristics of the natural human gait. It should
be noted that the concept of coupling the knee and ankle joints energetically is unique compared to the conventional or damped transfemoral prostheses presented in the literature. Since the concept provided a fully passive trans-femoral prosthesis, we were able to realize
the energy-efficient prototype inherently. The test results of the first
prototype showed that the working principle of the energy storage,
exchange and release for the ankle push-off performed successfully.
Following that the realization and evaluation of the second prototype called WalkMECH showed that the working principle was implemented successfully when an amputee walks on it. Realizing the
push-off at the ankle joint and designing the prosthesis based on human gait characteristics provided almost a natural walking. Moreover, the amputee participants gave positive feedback for the overall
system, even though they did not have any training period to get
used to this new prosthesis. Their ability to walk with the average
self-selected speed of an able-bodied person without deteriorating
the natural gait characteristics was remarkable for the indication of
reducing the energy burden of the amputees, which is also reflecting that WalkMECH is an energy-efficient trans-femoral prosthesis.
The implementation of the actuation system for adapting the energy
storage capacity of WalkMECH according to the different walking
speeds and gait characteristics of an amputee was successful. However, the performance of the overall system should be tested on the
amputee subjects for evaluating the system in terms of metabolic and
bio-mechanical energy-efficiency.
6.2

recommendations

The experimental evaluations of the prototypes showed that the principle of the overall design works successfully. However, the design
should be improved to minimize the deviations in order to achieve
a trans-femoral prosthesis that provides even more natural-looking
walking with the highest energy-efficiency and quality. Regarding
that, there are several recommendations addressing the limitations
of the prototype that were not implemented within the scope of this
thesis.
For instance, the knee joint was kept straight in all of the prototypes during the stance phase which created the deviation of the
kinematics and power flow around the knee joint from the natural
gait. It has been observed that the knee joint absorbs and generates
the same amount of energy during the stance phase. Therefore, for
this phase, the knee joint was not considered as a contributor to the
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ankle push-off and no elastic element was included in the conceptual design to mimic this behavior. However, this function becomes
important for a product realization of the trans-femoral prosthesis,
since it improves the quality of walking by providing better gait symmetry. This function of the knee would easily be integrated to the
existing prototype by including a torsional spring on the knee joint
that is active only during the stance phase. Since this implementation
would also provide the natural torque profile around the knee joint
at the heel-strike, the knee-lock with the hyper-extension will not be
necessary anymore, which addresses the deviations created by the
hyper-extension.
The deviation from the natural ankle joint kinematics and kinetics
were mainly due to the double structure of the ankle-foot design, and
these deviations would be reduced by designing a new ankle-foot
mechanism that has the same power absorbing and releasing range
with the human ankle joint. This mechanism can be realized by employing a non-linear spring accompanied with a clutch that permits
the modulation of energy store and release ranges. Implementing a
variable stiffness actuator that modulates the ankle joint stiffness continuously would be another solution for the design of the ankle joint.
Moreover, bio-mechanical and metabolic performance evaluations
have to be performed on a number of amputee subjects to show the
performance of the controller and the overall system regarding the
reduction of the metabolic cost. With this aim, the research protocol
has been prepared and approved by the Medical Ethical Research
Committee from the Medisch Spectrum Twente. Even though we contacted with three rehabilitation centers within the Netherlands, due
to the small number of amputation incidence we were not able to find
any other voluntary participants for realizing these experiments. The
search for the participants of this study is still ongoing.
Following these experiments, there are several research studies that
can be done to extend the working principle further. For instance, the
same energetic relations can be realized for various type of gaits, i.e.,
stair ascending-descending, slope ascending-descending, running, cycling.
On the other hand the working principle is not only for the transfemoral prosthesis, but it can also be implemented as a trans-tibial
prosthesis with a brace on the thigh and as an orthosis/exoskeleton
for the rehabilitation purpose or power assistance to the healthy lower
limb.
Since realizing the energy-efficient walking is not only important
for the amputee gait but also for robotics, the concept can also be
implemented into the humanoid robots to obtain the energetic characteristics of the natural human gait.

APPENDIX
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RI & E TEST PROCEDURE OF PROJECT REFLEX-LEG

This chapter is based on the Risk Inventory and Evaluation document
that is prepared for the approval of the functional experimental test
procedure on 2 healthy and 2 amputee subjects and it is approved by
the director board of MIRA Institute at University of Twente on 23
September 2011.
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SUMMARY
This document contains the risk inventory and evaluation of the
test procedure which is conducted upon the trans-femoral prosthesis
within the Reflex-Leg project. The procedure will be performed in the
LOPES Laboratory of the Biomechanical Engineering group from the
Faculty of Engineering Technology at the University of Twente. The
experimental evaluation involves walking on a treadmill with a transfemoral prosthesis. The prosthetic device will be attached to the user
by a socket interface. The motion will be captured with a 3D camera
system. Therefore certain number of LED markers will be attached to
the prosthesis as well.
The risk assessment results with four events that are rated as intermediate risks. Precautions are defined to handle these intermediate risks. These are included in the operation and setup instructions.
The prescribed measures are sufficient to diminish the identified risks.
There are no high risk ratings found from the assessment. Therefore
a revision of the design, regarding the user safety, is unnecessary.
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a.1

project description and background

The Reflex-Leg project is focusing on the design of an energy efficient
trans-femoral prosthesis with a patient feedback/control interface. Its
design will be translated into a prototype that will undergo a preliminary test procedure. In our case, this will involve subjects walking
with trans-femoral prosthesis. This test procedure will be explained
in detail in the next section.
The purpose of this test procedure, is to further develop the design
of the trans-femoral prosthesis. Within this goal, only the functional
performance of the prosthesis will be measured and there won’t be
any measurement of the data from the test subjects.
a.2

explanation of the test procedure

The test procedure will be performed in the LOPES laboratory of the
Biomechanical Engineering group from the Faculty of Engineering
Technology at the University of Twente. The subject will be walking
on a treadmill with the trans-femoral prosthesis. A socket will be
used to connect the prosthesis to the upper leg. The subject will be
asked to walk with different speeds and prosthesis settings. During
these test the motion of the prosthesis will be captured with the Visualeyez 3D motion capture system. This system consists of a number
of cameras and LED markers. The markers are, on forehand, attached
to the prosthesis. The camera system will be positioned at a distance
of approximately 1.5 meters alongside the treadmill.
Safety bars and a safety harness will be used to prevent the possible
fall of the subject. An emergency button will always be in reach of the
treadmill operator.
a.3

the experimental test set-up and device

Figure 40: An illustration of the test set-up in the laboratory.

Figure 40 shows a schematic set-up of the test procedure that is
evaluated within this document. The risk evaluation has been per-

A.4 risk inventory

formed only on this set-up. The number of cameras can be increased
for more accurate measurements. Any other deviation from this test
set-up must be reported to the assigned supervisor. The supervisor
should decide if the deviation has an effect on the risk identification
that is conducted in this document. If so, the risk assessment must be
revised together with this document. The same condition holds for
any changes that take place on the prosthetic device itself. The device
can be seen in Figure 41

Figure 41: The trans-femoral prosthesis prototype.

a.4

risk inventory

The risks are identified and classified with the risk chart which is
compliant to the EN954 standard. The hazards and their rated risk
factor can be seen in Figure 42.

Figure 42: Risk chart for the test procedure of walking with the transfemoral prosthesis on a treadmill in the laboratory environment
at the University of Twente, the Netherlands.

a.5

evaluation of the risks

From the risk chart, Figure 42, it can be seen that hazards 1, 3, 4 and
7 are rated as intermediate risks.
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The risk of hazard 1 (finger squeezing) is avoided by specific operating instructions.
Risks 3 and 4 might cause the subject to fall. This is prevented by
specific setup instructions.
Risk 7 is also avoided by the prescribing specific set-up instructions.
a.6

precautions

Following the risk inventory and evaluation, there are several measures that are taken to prevent accidents.
In the operation instruction, a specific measure is added:
• The subject’s hands must remain on or above the safety bars
during walking.
In the setup instruction, the following measures are added:
• The fall arrest mechanism must be used.
• The safety bars must be used.
• The set-up area must be free from obstacles, i.e., loose wires
must be fixed to the ground or marked.
The complete operation and set-up instructions are given in Section A.6.1 and Section A.6.2, respectively.
a.6.1

Operation Instructions

1. Have the subject seated on a chair that is positioned within the
range of the safety harness cable and treadmill.
2. Fit the safety harness to the subject.
3. Then, the prosthesis can be connected to the socket.
4. Attach the safety cable to the harness.
5. Assist the subject to the center of the treadmill with using the
safety bars.
6. Adjust the fall height of the safety cable.
7. Adjust the prosthesis/socket alignment if necessary.
8. Be sure to activate all measurement systems.
9. Make sure the subject keeps his/her hands near or upon the
safety bars throughout the whole test procedure.

A.7 conclusion

10. When the subject is ready, start with slowly increasing the treadmill speed up to 1 km/h. Make sure that the operator is checking the subject continuously and is always in reach of the emergency button.
11. With the confirmation from the subject, the treadmill speed may
be increased gradually.
12. Slow down the speed gradually and stop the treadmill and assist the subject to the chair.
13. Disconnect the harness safety cable.
14. Remove the harness.
15. Remove the transfemoral prosthesis .
a.6.2 Set-up Instructions
1. Make sure all the ambulant obstacles are removed from the setup area.
2. Position the treadmill under the fall-arrest system.
3. Check the functioning of the fall-arrest system.
4. Make sure the safety bars are installed onto the treadmill.
5. Check the functioning of the treadmill.
6. Check the functioning of the emergency button.
7. Position the camera system and fix the loose wires to the ground.
If applicable, mark hanging wires with yellow ribbons.
a.7

conclusion

The risks are identified and classified by using the risk chart. Risks
with a factor that is higher than four are marked and evaluated. Sufficient measures are taken to prevent these risks. These measures are
then to be followed strictly and formed as the operation and setup
instructions. With the taken measures, there is no need to redesign
the device itself. However, before every test, a supervisor has to be
assigned to check whether the required measures are followed by the
operator.
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I N V E S T I G AT I O N A L M E D I C A L D E V I C E D O S S I E R

This section involves a selection of sections, which are mainly related
with the specifications of the prototype, from the document called
"Investigational Medical Device Dossier - WalkMECH, version 1.0".
This document is prepared for the approval of the research protocol
for the experimental evaluation of bio-mechanical and metabolic performance of 5 amputee subjects.
b.1

device description and specification

WalkMECH: Class 1, energy-efficient trans-femoral prosthesis.

Figure 43: Prototype of an energy-efficient trans-femoral prosthesis.

The Proposed design is able to;
• Store energy (power absorption at high efficiency)
• Provide the energy exchange between the knee and ankle joints
(innovative efficiency).
• Release energy (power generation to reduce metabolic cost).
• Lift up the forefoot during swing for ground clearance.
• Control and balance the ankle and knee joint for a stable and
comfortable push-off.
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knee

ankle

shank

foot

Range [◦]

−5/100

15/ − 25

−−

−−

Torque [Nm]

−16

123

−−

−−

Length [m]

−−

−−

0.47

0.26

Height [m]

−−

−−

−−

0.07

Mass [kg]

−−

−−

1.44

1.05

Table 5: Prototype specification

The system realizes the natural walking by coupling the knee and
ankle joints for energy exchange with high energy-efficiency. There
is no such device that both couples the knee and ankle joints and
provides push-off generation without any external motors and power
source.
The working principle of the device permits to be used by any
unilateral trans-femoral amputee that is able to walk with prosthesis.
b.2

checklist essential requirements

Since the device is not powered for the motion of walking, it is classified as Class I device according to the Medical Devices Guideline
from the European Commission [11].
b.3
b.3.1

product verification and validation
Finite Element Analysis (FEA)

FEA has been done for all parts that might cause a safety risk if they
fail (See Figure 44, Figure 45, Figure 46, Figure 47, Figure 48, Figure 49, Figure 50, Figure 51).
It is shown that the maximum occurring stress does not exceed the
yield strength.
The loading of the componets has been done for a 100 Kg patient.
The materials of the components are listed in Table 6 together with
the safety factor.

B.3 product verification and validation

drawing no

material

safety factor

Knee

PRO2-010-M-02A

ALst51

11.32

Shank

PRO-2-010-K-01

Carbon fiber

−−*

Ankle

PRO2-020-M-01A

Alst51

1.76

Forefoot-linkside

PRO2-020-M-04A

Alst51

2.35

Forefoot

PRO2-020-M-05A

Alst51

1.60

Slidertrajectory

PRO2-020-M-13

RVS 304

1.03

Flex-heel

PRO2-020-M-22

Carbon fiber

−−*

Ankle-spring housing

PRO2-020-M-15A

Alst51

4.47

Table 6: Safety factors of each component (*Calculations have been done
with aluminium and that passed the load conditions. Carbon fiber
exceeds the strength of aluminium.).

Figure 44: Knee joint
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Figure 45: Shank tube

Figure 46: Ankle joint

B.3 product verification and validation

Figure 47: Forefoot part connected to the linkage mechanism

Figure 48: Forefoot
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Figure 49: Slider trajectory

Figure 50: Flex-heel

B.3 product verification and validation

Figure 51: Ankle-spring housing
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A P R O S T H E T I C O R O RT H O T I C D E V I C E
PCT/NL2012/050421

This section is adapted from the patent file called "A Prosthetic or
Orthotic Device". The international application was published under
the Patent Cooperation Treaty (PCT) on 27 December 2012 with the
international publication number: WO 2012/177125 A1

93

A prosthetic or orthotic device comprises an upper leg portion,
a lower leg portion, a foot portion, a knee joint and an ankle joint.
The device further comprises an elastic element, which elastically interconnects the upper leg portion and the foot portion. The elastic
element is movably connected to the foot portion and/or movably
connected to the upper leg portion. During performing a gait cycle
with the device, the elastic element actually moves according to said
movability or movabilities. At least during a swing phase of said gait
cycle, the elastic element absorbs energy.
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