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Development of Artificial Foot of Active
Transfemoral Prosthesis System using Topology
Optimization

K.-H. Lee, J. H. Chung and C.-H. Lee

Abstract— This paper presents the design and optimization
of the artificial foot of the active transfemoral prosthesis
system. As the prosthesis leg should work according to the
intention of the user, the artificial foot is used as a sensor to
measure gait cycle.In order to estimate the gait cycle, strain
gauges have been located heel and toe of the artificial foot to
measure the loads on each part, separately. The locations of
strain gauges have been determined by the result of finite
element analysis. As the weight of the artificial foot is one of the
important factors for users, the topology optimization is
conducted to draw an optimized model that can stand the
weight of the user with minimum volume. After the
optimization, the finite element analysis has been conducted to
verify the stability. Finally, the signals from artificial foot have
been acquired by the experimental method to verify the gait
cycle. Furthermore, the analysis result and experimental result
have been compared to verify the reliability of analysis using
the acquired signals.

Index Terms— Active Transfemoral Prosthesis System,
Topology Optimization, Finite Element Analysis, Artificial Foot

[. INTRODUCTION

HE number of disabled people in South Korea has been

increased continuously, which is expected to increase
from 2.5 million in 2012 to 500 million in 2050. In addition,
53 percent of the disabled people, about 1.3 million, are the
physically disabled people [1]. Also, about half of the
physically disabled people are suffering from the disability of
the lower body. Furthermore, almost of the lower body
disabled people are leg amputee due to vehicle or industrial
accidents. Also, some diabetic patients may cut some part of
their body. Especially, patients who cut their leg from the
upper part of the knee, about 7 million people around the
world, are the most important amputees [2].

According to previous studies, the knee joint, such as more
than half of the walking importance to provide a dominant
effect on the human walking. Therefore, compared to the
lower leg amputee, the transfemoral amputee will be subject
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to significant constraints on walking. Thus, the transfemoral
prosthesis which can support the amputees to walk similar as
human is needed to be developed. Therefore, various types of
prosthesis — Passive, Semi-Active and Active - to help the
patients walk have been developed. However, passive and
semi-active prosthesis cannot make a perfect motion that the
amputees want. As a results, active prosthesis leg has been
studied to replace the passive and semi-active prosthesis leg.
The most advanced kind of active prosthesis leg is a robotic
leg that contains fully active actuators, sensors and micro
control unit, which is possible to determine walking mode by
sensing states of the prosthesis legs itself. The first step of the
developing active prosthesis leg is knee joint development
for the prosthesis. Because the knee joint motion is an
important factor of the human gait cycle [3]. Flowers et al.
researched preliminary types of active knee prosthesis legs
[4-8]. An electronically controlled hydraulic actuator to
operate these early prototype active prosthesis knees has been
adopted. Moreover, they have a three-linkage structure that
has the electrohydraulic actuator as a variable link. The
electrohydraulic actuator is specified to generate a linear
motion and the structure of electrohydraulic used mechanism
is inspired by following studies on active prosthesis leg using
an electric motor. A number of earlier studies on the active
prosthesis that use an electric motor as its own power source
has a ball screw which roles of electrohydraulic actuator
[9-10].

Carl et al.’s study [9] is the most fundamental study of the
active transfemoral prosthesis. However, the weight of the
system, which makes the users more comfortable due to less
tiredness, and the knee joint torque to increase the stability of
the system are major factors of prosthesis leg system. Thus,
the three-linkage type active transfemoral prosthesis system
using various actuators has been developed in many former
researches. However, the three-linkage type has limitations
of performance and weight due to the dimension. Thus, the
mechanism of prosthesis needed to change to increase the
performances and the weight reduction. Also, the torque
applied to the real human knee joint during walk shows
different values and it depends on the gait cycle [11]. In
addition, prior to walking, the load applied to the heel acts
differently for every cycle [12]. By measuring the values in
real time from the artificial foot, the active transfemoral
prosthesis can determine the gait cycle by itself. In this study,
the artificial foot for the active transfemoral prosthesis
system has been developed to estimate the gait cycle using
strain gauges.
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II. THREE-LINKAGE TYPE ACTIVE
TRANSFEMORAL PROSTHESIS SYSTEM

In this study, the three-linkage type prosthesis system
with one DOF model that has been developed in the previous
study [13] has been used. As shown in the Fig. 1, the system
has three main parts - knee joint, main frame and actuator
housing. The weight of the prototype is 1,946.0g, and the
minimum length of the system is 450 mm, and a range of
length adjustment is maximum 26 mm. In addition, the
absolute encoder to measure the absolute angle of the knee
joint, the ball screw to change from the rotational motion of
the BLDC motor to the a linear motion, for load cell to
measure the load and the torque applied to the knee have been
attached. When the motor runs, the prosthesis can rotate from
0 degree to 90 degrees shown in Fig. 2. The current
prosthesis system used Load cell to measure the torque
applied to the knee. Then it has been used to determine the
gait cycle.

III. RESULT OF DESIGN AND ANALYZE OF ARTIFICIAL
FOOT

As shown in Fig. 3, the walking algorithm of active
transfemoral prosthesis consists of 5 steps. The artificial foot
of'this study has been developed to determine the phase of the
gait cycle. To determine the phase, the load applied to each
part, front and rear of the artificial foot measured in real-time.
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Fig. 1. Three-linkage type active transfemoral prosthesis
system
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0 deg

Fig. 2. Operating angle of three-linkage type active
transfemoral prosthesis system

Then find the pre-landing and pre-swing phases which
are the factor to classify stance phase and swing phase. By
this real-time measurement, the active prosthesis system can
walk by determining the current gait cycle. Also, the basic
structure of the artificial foot is similar to the bones of the
human foot [14]. For the basic model of an artificial foot,
bone structure of the actual human foot, and has a structure of
the artificial leg which has been produced by considering the
design from Vanderbilt University as a reference. The foot
consists of three parts, toe, heel, and ankle. To replicate the
space under the foot, the parts have been inclined about 9
degrees for the toe part, 5 degrees for the heel part. The 3D
design of basic model is shown in Fig. 4. For the basic model
of artificial foot, there are some holes at the toe and heel parts
to reduce weight because the topology optimization was not
carried out. Therefore, only finite element analysis has been
conducted to verify the reliability. The analysis conditions
are shown in Fig. 5. The constraints have been added to the
front and rear part where the contact between the artificial
foot and the land exists. Moreover, the loads have been
applied to three directions, Fig. 5(a) presents the load of
pre-swing, Fig 5(b) presents the load of stance, and the Fig.
5(c) presents the load of pre-landing. The analysis has been
conducted under these conditions.

Stance

(Phase 1)

Pre-Landing
(Phase 5)

Pre-Swing
(Phase 2)

Swing
Extension
(Phase 4)

Swing Flexion
(Phase 3)

Fig. 3. Walking algorithm of active transfemoral
prosthesis system
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Fig. 6 and Fig. 7 show the results of the analysis. Py
According to Fig. 9, the FEA results show that the front side Crs G522
of ankle part shows the most amount of stress, 85.3MPa,

which is lower than the tensile strength of the material Flg 7. Finite .element analysis result of basic model of
ALG6061-T6. 276MPa. artificial foot — Displacement

Also, the maximum displacement is 0.005Smm, as shown
in Fig. 7. To use the results of FEA, the location of strain
gauges to measure the load applied to the foot have been

(@) (b) (©) selected. For the toe part, the area of 0.001 mm deformed has
been selected. And the area of 0.004mm deformed has been

\ l l selected for the heel part. The locations of strain gauge have
I been selected at the parts which have different amount of

: : deformation to see the signals separately. The prototype of
basic model of artificial foot is shown in Fig. 8. Using the
prototype shown in Fig 8, the signal from the strain gauges on
the artificial foot has been acquired to determine the load
Flg 5. Analysis conditions of basic model of artificial app]ied to each part, front and rear of the artificial foot
foot measured in real-time. Then find the pre-landing and
pre-swing phases which are the factor to classify stance phase
and swing phase.
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Fig. 8. Prototype of basic model of artificial foot

Fig. 6. Finite element analysis result of basic model of
artificial foot — Element stresses
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Fig. 9. Acquired signals of strain gauges on basic model of
artificial foot during the gait cycle

As shown in Fig. 9, the gait cycle has been determined by
three steps using displacements. The pre-landing has been
shown from 2.0 to 3.0 seconds. And the stance has been
shown from 3.0 to 4.0 seconds. And the pre-swing has been
shown from 4.0 to 5.0 seconds. To use these three steps, the
active transfemoral prosthesis system could control the knee
joint angle similar with the human’s gait cycle. By this
real-time measurement, the active prosthesis system can walk
variously by determine the current gait cycle. Furthermore,
the displacement generated from the signal shown in Fig. 9
has been compared with the analysis result shown in Fig. 7.
According to the comparison, the actual displacement of toe
part is 0.0009 mm, which is 10% smaller than the
displacement from the analysis result, 0.001 mm.
Furthermore, the actual displacement of heel part is 0.0038
mm, which is 5% smaller than the displacement from the
analysis result, 0.004 mm. The difference between the load
condition of analysis, 150 kg and the weight of the person
who gives a demonstration, 80 kg could be the reason of the
difference between actual and analysis results.

IV. CONCLUSION

In this study, an artificial foot has been developed. The
pre-landing, stance and pre-swing status have been
determined. By using the status, the knee joint of active
transfemoral prosthesis could be controlled related to gait
cycle. Furthermore, the displacement generated from the
signal has been compared with the analysis result. According
to the comparison of basic model, the actual displacement of
toe part is 0.0009 mm, which is about 10% smaller than the
displacement from the analysis result of original model,
0.001 mm. Furthermore, the actual displacement of heel part
is 0.0038 mm, which is about 5% smaller than the
displacement from the analysis result of the original model,
0.004 mm. Moreover, the mass of artificial foot should
similar with human’s foot for carrying out activities more
comfortably. The design of artificial food need to optimize
for keep the similar mass with human’s foot in the further
work.
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