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ABSTRACT 
 

this study, a bio-inspired design was introduced to fabricate an inexpensive robotic prosthetic foot. Toe joints and torsion springs improve gait stability and 
propulsion. Additionally, the metatarsal design shifts the power point from the tip of the toe to the head of the metatarsal bone, reducing the strength of the 
material required. Measurements showed a tensile strength of 602.0 MPa. A finite element analysis was performed for the toe-off situation, and the validity of the 
material with a tensile strength of 33.23 MPa and a safety factor of 3.02 or more was proven at the part where the most stress occurred. To recognize the gait 
phase, a pressure sensor was used to detect foot contact with the ground. As a result of comparing the results of the gait recognition test with the acupressure 
change data when a person is walking, similar FSR responses to acupressure were shown at each location. Finally, it showed the possibility of providing an 
entry-level robotic prosthetic foot at a manufacturing price of $500. 
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INTRODUCTION 
 

worldwide, amputees need prosthetic feet because of accidents, 
diseases, wars, etc. In the United States, the number of lower 
extremity amputations is estimated to be 2 million, and it is expected 
to increase by 187,000 annually [1, 2]. Even though nonrobotic 
prosthetic feet are widely used because they are affordable, walking 
naturally is difficult. To solve this problem, robotic prosthetic feet have 
been developed. The muscle electrical signal or gyro signal of the 
user provides ankle rotation according to the gait, enabling the user to 
walk more naturally. However, these feet are not affordable to 
everyone. Therefore, this study proposes an ergonomic design of 
affordable robotic prosthetic feet, which mimics the toe joint and 
metatarsal head, and recognizes the gait phase by sensing ground 
pressure. 
 

DESIGN CONCEPT 
 
A. Biomechanics of the human foot 
 

(A)   (B)  
 
Fig. 1 Two types of foot shapes while walking, (A) the shape of a flat 
foot before the Heel Off. (B) The shape of the bent foot after the Heel 

Off, and before the Toe Off 
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As shown in Fig. 1, there are two types of foot shape when walking. 
From Heel Strike (HS) to Foot Flat (FF), the foot is flat as shown in 
Figure 1(A). The foot flexes from Heel Off (HO) to Toe Off (TO) as 
shown in Figure 1(B). Bent feet are formed based on the toe joints, 
and the toes touch the ground and function for walking. The function 
of the toe is to smoothly move the Zero Moment Point (ZMP) between 
Single Support Pose (SSP) and Double Support Pose (DSP) to 
minimize fatigue in the ankle, knee, and hip joints. This increases 
stroke length and improves energy efficiency [3-6]. In the case of 
bipedal robots without toes, ZMP moves differently from human 
walking, so joints are excessively bent, resulting in instability and 
increased fatigue [7-9]. However, many robot feet equipped with toes 
concentrate all the load on the toe during TO, increasing the risk of 
fracture [10-21]. To prevent breakage, the forefoot is not properly 
loaded with weight. So ZMP moved quickly like a toeless robot foot 
when moving from DSP to SSP. Therefore, many studies have 
applied toes to robotic feet. However, the effect is minimal. In this 
study, we propose a design that applies the toe and metatarsal head 
surfaces. In addition to the advantages of the toe, the metatarsal 
head is designed to be inclined, so when the foot is bent during 
walking, the load is applied to the slope, not the toe. In addition, by 
utilizing the face of the head of the metatarsal bone, an FSR (Force 
Sensing Resistor) sensor was attached to this face so that the robot 
prosthesis can recognize the gait phase. It infers gait steps and 
measures speed and incline to improve gait. The goal of this study is 
to develop a robotic prosthetic limb that provides comfortable walking 
while reducing the economic burden of lower limb patients. 

 
B. Forefoot design 
 
It is a 3D model of the forefoot as shown in Fig. 2(A). The white parts 
are the two toes, one on each side of the metatarsal. The pink and 
red planes correspond to metatarsal and metatarsal slopes, as shown 
in Fig.2(B). The metatarsal and toe parts are fixed with bolts and can 
be rotated around the axis of the bolt. One torsion spring is mounted 
on each side between the metatarsal bone and the toes.  



(A)  (B)

(C)  
 

Fig. 2 Forefoot design of a robotic prosthetic foot: (a) full assembly, 
(b) torsion spring exploded view, and (c) sagittal cross

of the metatarsal bone head slope
 

Each torsion spring stores torsional elastic energy according to toe 
extension action. At the end of the TO, elastic energy is released to 
propel the wearer. An appropriate torsion spring is calculated when a 
70 kg adult male wears a robotic prosthesis. The load applied to the 
toe during TO during walking is BW × 24% [22]. Therefore, whe
load is applied to the torsion spring, the load applied to each torsion 
spring is (BW×24%)/2, which is 82.32 N. Table 1 shows the 
specifications of the torsion spring used in the robotic prosthetic leg 
developed in this study. A piano wire material torsion spring with high 
strength and good homogeneity is used for a robotic prosthesis, 
where E is the longitudinal modulus of elasticity, d is the wire 
diameter, D is the outer diameter, Nt is the total number of turns, and 
a1 and a2 are the arm lengths. A sagittal section of the robotic 
prosthesis is shown as in Fig 2(C). The slope is 30° from the ground. 
This is for the metatarsal slope to contact the ground with ankle 
rotation and toe extension during TO. From the HS stage to the FF 
stage, the metatarsal slope does not contact the ground, and from the 
HO to the TO, the load is endured by contacting the ground during 
toe extension. 
 
TABLE I 

 
TORSION SPRING SPECIFICATIONS USED FOR THE R
FEET 
 

 
C. Mechanical design 
 

As shown in Fig. 3(A), it shows the robotic prosthetic foot model used 
in this study. The metatarsals and toes are in the forefoot, while the 
motor and gearbox used to move the heel and ankle joints are in the 
hind foot. The battery MPU is located above the ankle. In this study, 
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(b) torsion spring exploded view, and (c) sagittal cross-sectional view 

of the metatarsal bone head slope 

Each torsion spring stores torsional elastic energy according to toe 
on. At the end of the TO, elastic energy is released to 
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70 kg adult male wears a robotic prosthesis. The load applied to the 
toe during TO during walking is BW × 24% [22]. Therefore, when a 
load is applied to the torsion spring, the load applied to each torsion 
spring is (BW×24%)/2, which is 82.32 N. Table 1 shows the 
specifications of the torsion spring used in the robotic prosthetic leg 

sion spring with high 
strength and good homogeneity is used for a robotic prosthesis, 
where E is the longitudinal modulus of elasticity, d is the wire 
diameter, D is the outer diameter, Nt is the total number of turns, and 

sagittal section of the robotic 
prosthesis is shown as in Fig 2(C). The slope is 30° from the ground. 
This is for the metatarsal slope to contact the ground with ankle 
rotation and toe extension during TO. From the HS stage to the FF 

slope does not contact the ground, and from the 
HO to the TO, the load is endured by contacting the ground during 

ROBOTIC PROSTHETIC 

 

As shown in Fig. 3(A), it shows the robotic prosthetic foot model used 
in this study. The metatarsals and toes are in the forefoot, while the 
motor and gearbox used to move the heel and ankle joints are in the 

e ankle. In this study, 

an electric motor is used instead of a hydraulic or pneumatic cylinder 
to move the ankle joint. Hydraulic and pneumatic cylinder actuators 
are difficult to maintain and require complex control valve designs. 
Servo motors are chosen because of their stable control, low noise, 
and excellent environmental resistance. The motor used in this study 
is CYS-S1100 (CYS Model Technology Co. Ltd). Table 2 shows the 
specifications of the motor. Ankle torque required for a robotic 
prosthesis to support human walking is 130 N
study, the motor torque required for a robotic prosthesis can be 
reduced by 47% due to the shift of the force point of the metatarsal 
and toe design [25]. The rotational torque applied to the ankle joint fo
plantar flexion during the TO step is 61.1 N

 

(A) 
 

Fig. 3 Forefoot design of a robotic prosthetic foot: (a) full assembly, 
(b) torsion spring exploded view, and (c) sagittal cross

of the metatarsal bone head slope
 

TABLE II 
 

THIS SPECIFICATIONS OF CYS-S1100
 

 

As shown in Fig. 3(B), there is a gearbox inside the robot prosthesis. 
It is composed of two-stage spur gears, and the final reduction ratio of 
the gearbox is 7:1. The torque of the motor required to move the 
ankle of the robot prosthesis is 8.73 N
the gearbox. 
 

D. Control system design 
 

 

Fig. 4 Finite-state machine for walking steps
 

In Fig. 4, a finite state machine is implemented to control the motion 
of a robotic prosthetic limb suitable for the walking phase. Ankle 
rotation is driven by a motor, and each step is recognized by a Force 
Sensitive Resistor (FSR) sensor located on the s
FSR sensor is used. The gyro sensor used in existing robotic 
prostheses has the disadvantage of drifting due to accumulation of 
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an electric motor is used instead of a hydraulic or pneumatic cylinder 
to move the ankle joint. Hydraulic and pneumatic cylinder actuators 
are difficult to maintain and require complex control valve designs. 

because of their stable control, low noise, 
and excellent environmental resistance. The motor used in this study 

S1100 (CYS Model Technology Co. Ltd). Table 2 shows the 
specifications of the motor. Ankle torque required for a robotic 

upport human walking is 130 N∙m [23, 24]. In this 
study, the motor torque required for a robotic prosthesis can be 
reduced by 47% due to the shift of the force point of the metatarsal 
and toe design [25]. The rotational torque applied to the ankle joint for 
plantar flexion during the TO step is 61.1 N∙m.  

 (B)  

Forefoot design of a robotic prosthetic foot: (a) full assembly, 
(b) torsion spring exploded view, and (c) sagittal cross-sectional view 

of the metatarsal bone head slope 

S1100 Motor 

 

As shown in Fig. 3(B), there is a gearbox inside the robot prosthesis. 
stage spur gears, and the final reduction ratio of 

the gearbox is 7:1. The torque of the motor required to move the 
ankle of the robot prosthesis is 8.73 N∙m due to the reduction ratio of 

 

state machine for walking steps 

In Fig. 4, a finite state machine is implemented to control the motion 
of a robotic prosthetic limb suitable for the walking phase. Ankle 
rotation is driven by a motor, and each step is recognized by a Force 
Sensitive Resistor (FSR) sensor located on the sole. In this study, 
FSR sensor is used. The gyro sensor used in existing robotic 
prostheses has the disadvantage of drifting due to accumulation of 
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errors when integrating and digitizing the measured angular velocity 
information. Since the walking motion is repetitive, it is highly likely 
that the error value has been accumulated. Also, due to the structure 
of the human body, each person has a different leg angle. Therefore, 
additional costs are incurred in the customization process. Another 
sensor used in robotic prostheses is the electromyographic (EMG) 
sensor. The process of applying a water-based gel to the body to 
better accommodate the electrical signals of the muscles makes the 
wearer uncomfortable. The FSR sensor was comfortable even when 
attached to the sole of the foot due to its simple structure and 
mechanical characteristics. Moreover, it is not affected by the body 
type characteristics of the user. Therefore, since the price is low, it is 
judged to be in line with the concept of an entry-level ro
leg. The FSR sensor used in this study is RA9P (Marveldex). The 
response time is 10µs, the operating environment temperature is 
to 60°C, the humidity is < 90%, and the durability is 2,000,000 cycles. 
Therefore, the robotic prosthetic leg is suitable for repeating walking 
motions in various environments. As for the FSR sensing result, we 
want the result obtained by contact recognition through pressure 
sensing, not accurate weight measurement. In this study, the FSR 
sensor is attached to the sole of the foot and recognizes the gait 
phase using information obtained when it contacts the ground. It is 
easy to use because it is not affected by the constitution of each 
patient and can be used without additional auxiliary equipment.

 

 

Fig. 5 FSR sensor foot-attachment location
 
The three FSR sensors are shown in Fig. 5. The sensor is located 
along the centerline of the pressure path generated on the sole by the 
movement of the center of gravity during walking [26
attached to the slope of the metatarsal head, FSR2 to the front of the 
prosthesis, and FSR3 to the heel. FSR1 is not detected when 
standing attached to an inclined surface. FSR1 detects when the toes 
are bent from HO to TO and when the metatarsal heads touch the 
ground. This position distinguishes walking initiation after HO from 
simply lifting the foot. When FSR1 is activated, it means that the next 
gait is in progress, and the relay turns on the motor to operate plantar 
flexion. After TO, FSR1 is not detected, and toe cl
prevent dragging of the foot to the ground during the swing phase by 
dorsiflexion. FSR3 is to distinguish between HS and HO phases. In 
the HS step, the FSR3 detects heel contact with the ground. At this 
time, the relay turns off the motor and plantar flexion is performed by 
weight movement. This saves energy consumption and relieves 
shock through the ankle and heel shock absorbers. FSR2 controls 
ankle rotation according to walking speed after FF. The walking 
speed is calculated by measuring the sensing time from FSR3 to 
FSR2, and the next motor operation time is adjusted.
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better accommodate the electrical signals of the muscles makes the 
wearer uncomfortable. The FSR sensor was comfortable even when 

the sole of the foot due to its simple structure and 
mechanical characteristics. Moreover, it is not affected by the body 
type characteristics of the user. Therefore, since the price is low, it is 
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leg. The FSR sensor used in this study is RA9P (Marveldex). The 
response time is 10µs, the operating environment temperature is -20 
to 60°C, the humidity is < 90%, and the durability is 2,000,000 cycles. 

is suitable for repeating walking 
motions in various environments. As for the FSR sensing result, we 
want the result obtained by contact recognition through pressure 
sensing, not accurate weight measurement. In this study, the FSR 

e sole of the foot and recognizes the gait 
phase using information obtained when it contacts the ground. It is 
easy to use because it is not affected by the constitution of each 
patient and can be used without additional auxiliary equipment. 

 

attachment location 

The three FSR sensors are shown in Fig. 5. The sensor is located 
along the centerline of the pressure path generated on the sole by the 
movement of the center of gravity during walking [26-29]. FSR1 is 

slope of the metatarsal head, FSR2 to the front of the 
prosthesis, and FSR3 to the heel. FSR1 is not detected when 
standing attached to an inclined surface. FSR1 detects when the toes 

and when the metatarsal heads touch the 
his position distinguishes walking initiation after HO from 

When FSR1 is activated, it means that the next 
gait is in progress, and the relay turns on the motor to operate plantar 
flexion. After TO, FSR1 is not detected, and toe clearance is made to 
prevent dragging of the foot to the ground during the swing phase by 
dorsiflexion. FSR3 is to distinguish between HS and HO phases. In 
the HS step, the FSR3 detects heel contact with the ground. At this 

r and plantar flexion is performed by 
weight movement. This saves energy consumption and relieves 
shock through the ankle and heel shock absorbers. FSR2 controls 
ankle rotation according to walking speed after FF. The walking 

ng the sensing time from FSR3 to 
FSR2, and the next motor operation time is adjusted. 

EXPERIMENTAL ASSESSMENT
 
A. Evaluation of the walking-algorithm controller
 

(A) (B) 
 

Fig. 6 (A) FSR sensors attached to a human foot, and (B) the jig 
mounted for 

 
To test the FSR control system, pressure change data obtained 
during walking were compared with human gait. The subject was a 
non-disabled adult male weighing 70 kg, and an FSR sensor was 
attached to the right foot as shown in Fig.6(A). The locati
FSR sensor was like that of the robotic prosthesis. The FSR attached 
to a person was selected along the line of the pressure path applied 
to the sole due to the shift of the center of gravity during walking. 
FSR1 was attached to the slope of the 
lateral surface of the forefoot, and FSR3 to the heel. FSR1 was 
attached to the metatarsal head for an effect like the inclined surface 
of a robot prosthesis, so that the pressure with the ground was not 
sensed when standing upright. The subject walked 4 times at a 
normal speed on a flat surface, and the pressure change with the 
ground from HS to was measured. As shown in Fig. 6(B), a device for 
walking with a prosthetic robot was fabricated and tested. It consists 
of a servomotor and a hydraulic cylinder to realize walking motion. 
Ground pressure change data was extracted using the FSR sensor 
on the sole. 
 
B. Mechanical strength test 
 

In this study, a robotic prosthetic foot was fabricated using 
Markforge’s Onyx one 3D printer. 
were used as substrates, and glass fibers were used as reinforcing 
fibers. To confirm whether the material can be used when introduced 
into the prosthetic leg, the physical properties of the material were 
measured using a universal tensile tester. The reference test method 
is ASTM D638. Table 3 is the material property data measured using 
a tensile tester. Finite element analysis was conducted using 
Autodesk’s Inventor to prove that it could be used for prosthetic limbs 
based on the measured physical properties.
of the 3D printing material obtained through the tensile test were 
applied to the finite element analysis. The condition of this experiment 
is the TO situation in which the highest load is applied
prosthetic foot of the robot while walking, assuming that a 70kg adult 
male wears it. Considering the safety factor, a load of 1.4 kN is 
applied to the slope of the metatarsal head, plantar flexion is 
performed by the motor, and it is set in a fixe
ankle part. The boundary condition is the ankle joint, more 
specifically, the plane where the leg part and the ankle part come into 
contact. Set the material's library element type to solid for precision. 
To increase reliability during the discretisation process, meshing was 
performed on the metatarsal slope and instep where the load is 
concentrated, and the number of nodes is set to 64,444 and the 
number of elements is set to 37,350. The numerical method of the 
prosthetic foot of the robot is analyzed and the von Mises stress 
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EXPERIMENTAL ASSESSMENT 

algorithm controller 

(B)  

(A) FSR sensors attached to a human foot, and (B) the jig 
mounted for testing 

To test the FSR control system, pressure change data obtained 
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walking with a prosthetic robot was fabricated and tested. It consists 

or and a hydraulic cylinder to realize walking motion. 
Ground pressure change data was extracted using the FSR sensor 

In this study, a robotic prosthetic foot was fabricated using 
Markforge’s Onyx one 3D printer. Carbon fiber and nylon powder 
were used as substrates, and glass fibers were used as reinforcing 
fibers. To confirm whether the material can be used when introduced 
into the prosthetic leg, the physical properties of the material were 
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number of elements is set to 37,350. The numerical method of the 
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distribution and safety factor are derived to determine the safety 
according to the stress state. For these calculations, Inventor 
Professional 2022's ANSYS special module is utilized [30]. The factor 
of safety is the allowable stress divided by the actual stress. The 
actual stress is the von Mises stress, ���, and the formula is Eq. (1)

 

��� =  �
�

�
(�� − ��)� + (�� − ��)� + (�� −

 
��, ��, ��are the maximum principal stress, intermediate principal 

stress, and minimum principal stress. In the case of von Mises stress, 
it is a scalar value projected onto a tensile or compressive stress in 
one axis. When the prosthetic foot touches the ground, the weight 
load and the ground reaction force are parallel axes [31]. Therefore, it 
is judged that von Mises stress can be applied to the prosthetic foot of 
the robot. 

 
TABLE III 
 

MANUFACTURING MATERIAL PROPERTIES THROUGH 

 

 

EXPERIMENTAL RESULTS 
 
A. Algorithm-based gait phase recognition test 
 

(A) 

(B) 

(C) 
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distribution and safety factor are derived to determine the safety 
according to the stress state. For these calculations, Inventor 
Professional 2022's ANSYS special module is utilized [30]. The factor 

s the allowable stress divided by the actual stress. The 
, and the formula is Eq. (1) 

− ��)� (1) 

are the maximum principal stress, intermediate principal 
stress, and minimum principal stress. In the case of von Mises stress, 
it is a scalar value projected onto a tensile or compressive stress in 
one axis. When the prosthetic foot touches the ground, the weight 

axes [31]. Therefore, it 
is judged that von Mises stress can be applied to the prosthetic foot of 

HROUGH TENSILE TESTING 

 

based gait phase recognition test result 

 

 

 

 

(D) 
 

Fig. 7 FSR sensor foot
 
As shown in Fig.7, it is a graph of the ground pressure change 
between the robot prosthetic leg and the sole of the human foot 
according to the gait stage. Fig. 7(A), (B) are 
prosthetic leg, (A) is walking from HS to, and (B) is simple lifting 
motion, not walking. Fig. 7(B), (D) are walking of the human, (C) is 
the walking from HS to, and (D) is a simple lifting motion, not walking.
Each test involved 4 strokes with the right foot. In each graph, the x
axis represents time and the y-axis represents the pressure change 
(N) of the FSR. Comparing Fig. 7(A) and (C), it is the gait sensing 
result of the robot prosthetic foot and the human FSR sensor over 
time. FSR1, located at the metatarsal head, exhibits the same 
perceived motion time point from HO to for both human
prosthesis. The load applied to the FSR1 of the robot prosthesis is 
38.34 N, and the load of the human is 27.16 N. This is because when 
the bent foot was formed after HO, the inclined surface of the 
metatarsal bone of the robot prosthesis was designed as a flat 
surface and a load was applied to the inclined surface. However, it is 
judged that there is a difference in value because the human foot
round, and the muscle tissue is deformed when a load is applied. 
However, as intended in this study, it means that the load after HO is 
supported by the slope of the metatarsal head. This can provide a 
more stable gait during the Double Support Pose wh
only by the toes. The red line, FSR2 located in the forefoot, sensed 
from FF to HO in the case of the robot prosthesis and from FF to in 
the case of the human foot. The reason for the different end time of 
FSR2 is that the prosthetic foot of t
sole, whereas the human foot has a continuous curved surface. 
Additional research is needed to match the end points by rounding 
the sole of the robot prosthetic foot. Still, the starting point of FSR2 
sensing of the robot prosthetic foot is always constant at about 2.4 
seconds after the start of walking. Walking speed can be adjusted 
through motor control by detecting the start point of FF and 
calculating the time difference with FSR3.The yellow line, FSR3 
located at the heel, showed the same detected motion points from HS 
to HO for both the robotic prosthesis and the human foot. Comparing 
Fig. 8(A) and (C), the sensing timing and the order of the moving 
center line of the two FSR sensors are similar. The gait phase can be 
sensed by the FSR sensing algorithm and appropriate ankle motion 
can be implemented with the motor.
both FSR2 and FSR3 are detected when the foot is in contact with 
the ground, and sensing is stopped when the foot is raised. FSR1
located on the slope of the metatarsal bone and is not sensed 
because it is not in contact with the ground. However, FSR1 is 
detected in small amounts in humans. This is because, in the case of 
humans, the muscle tissue is deformed by the load while st
and the surface of the metatarsal bone touches the ground. In 
comparison, FSR1 of the prosthetic robot senses a value of 0 stably 
because it is located on the slope of the metatarsal head. This can 
prevent false detection of FSR1 and reduce gait cla
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As shown in Fig.7, it is a graph of the ground pressure change 
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more stable gait during the Double Support Pose when supported 
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from FF to HO in the case of the robot prosthesis and from FF to in 
the case of the human foot. The reason for the different end time of 
FSR2 is that the prosthetic foot of the manufactured robot has a flat 
sole, whereas the human foot has a continuous curved surface. 
Additional research is needed to match the end points by rounding 
the sole of the robot prosthetic foot. Still, the starting point of FSR2 

rosthetic foot is always constant at about 2.4 
seconds after the start of walking. Walking speed can be adjusted 
through motor control by detecting the start point of FF and 
calculating the time difference with FSR3.The yellow line, FSR3 

l, showed the same detected motion points from HS 
to HO for both the robotic prosthesis and the human foot. Comparing 
Fig. 8(A) and (C), the sensing timing and the order of the moving 
center line of the two FSR sensors are similar. The gait phase can be 

nsed by the FSR sensing algorithm and appropriate ankle motion 
can be implemented with the motor. Comparing Fig. 7(B) and (D), 
both FSR2 and FSR3 are detected when the foot is in contact with 
the ground, and sensing is stopped when the foot is raised. FSR1 is 
located on the slope of the metatarsal bone and is not sensed 
because it is not in contact with the ground. However, FSR1 is 
detected in small amounts in humans. This is because, in the case of 
humans, the muscle tissue is deformed by the load while standing 
and the surface of the metatarsal bone touches the ground. In 
comparison, FSR1 of the prosthetic robot senses a value of 0 stably 
because it is located on the slope of the metatarsal head. This can 
prevent false detection of FSR1 and reduce gait classification errors. 
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B. Mechanical strength test result 
 

(A) (B)
 

Fig. 8 Loading simulation results in TO. (A) von Mises stress (B) 
safety factor 

 

The physical properties of the 3D printing material obtained through 
the tensile test were applied to the finite element analysis. Fig. 8(A) 
shows the simulation results for the robotic prosthetic foot. The 
distribution of internal stress due to the load applied to the slope is 
displayed as a color graph. The color distribution is classified into red 
and blue as shown in the color histogram on the left. Blue indicates a 
low failure probability due to internal stress and red indicates a high 
internal stress distribution. As a result of the experiment, the highest 
internal stress at 33.23 MPa was distributed in t
the internal stress was distributed in this area. Moments were 
generated on the inclined plane of the metatarsal head with applied 
load and the ankle axis with a fixed restraint. The red color indicates 
the possibility of fracture, but the tensile strength of the material used 
in this study was 602.0 MPa, which was higher than the maximum 
internal stress. Therefore, it was concluded that there was no fracture 
risk. Compared to other robotic prosthetic feet in which a load is 
applied to the tip of the toe, in this study, a bent shape is formed 
based on the axis of the toe and the load is applied to the slope of the 
metatarsal head. This shortens the displacement of the force point 
when the lever effect occurs based on the ankle axis, and a
moment is applied to the robot prosthetic foot. Additionally, Fig. 8(B) 
is a color graph that converts the safety factor into visual data. As the 
color goes red, the safety factor is less than 1, so the risk of breakage 
increases, and the more blue, the higher the safety factor. As a result 
of the experiment, the safety factor of the instep part was the lowest 
at 3.02. Because walking is performed repetitively according to the 
patient's physical condition in an unstructured environment, it is 
judged that a safety factor of 3 to 4 or more is necessary [32]. 
Therefore, it is judged that the materials used in this study can be 
used sufficiently for the robotic prosthetic foot. When looking at the 
stress distribution and safety factor results, it can be s
through design modification in future studies to prevent fractures 
caused by long-term repeated fatigue accumulation, given that stress 
is concentrated on the instep. 
 

RESULTS 
 

 
 

Fig. 9 The robotic prosthetic foot
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Loading simulation results in TO. (A) von Mises stress (B) 

The physical properties of the 3D printing material obtained through 
finite element analysis. Fig. 8(A) 

shows the simulation results for the robotic prosthetic foot. The 
distribution of internal stress due to the load applied to the slope is 
displayed as a color graph. The color distribution is classified into red 

as shown in the color histogram on the left. Blue indicates a 
low failure probability due to internal stress and red indicates a high 

As a result of the experiment, the highest 
internal stress at 33.23 MPa was distributed in the instep area, and 
the internal stress was distributed in this area. Moments were 
generated on the inclined plane of the metatarsal head with applied 
load and the ankle axis with a fixed restraint. The red color indicates 

the tensile strength of the material used 
in this study was 602.0 MPa, which was higher than the maximum 
internal stress. Therefore, it was concluded that there was no fracture 
risk. Compared to other robotic prosthetic feet in which a load is 

he tip of the toe, in this study, a bent shape is formed 
based on the axis of the toe and the load is applied to the slope of the 
metatarsal head. This shortens the displacement of the force point 
when the lever effect occurs based on the ankle axis, and a small 
moment is applied to the robot prosthetic foot. Additionally, Fig. 8(B) 
is a color graph that converts the safety factor into visual data. As the 
color goes red, the safety factor is less than 1, so the risk of breakage 

the higher the safety factor. As a result 
of the experiment, the safety factor of the instep part was the lowest 
at 3.02. Because walking is performed repetitively according to the 
patient's physical condition in an unstructured environment, it is 

that a safety factor of 3 to 4 or more is necessary [32]. 
Therefore, it is judged that the materials used in this study can be 
used sufficiently for the robotic prosthetic foot. When looking at the 
stress distribution and safety factor results, it can be supplemented 
through design modification in future studies to prevent fractures 

term repeated fatigue accumulation, given that stress 

 

The robotic prosthetic foot 

In this study, to develop a bio
prosthetic foot as shown in Figure 9, a specialized design and FSR 
sensor algorithm that integrates the toe joint and metatarsal head 
slope were used. A torsion spring was inserted between the toe and 
forefoot to form a curved foot shape from the HO to the toe axis. In 
TO, the elastic energy stored in the spring is released to provide 
propulsion to the wearer. After calculating the load applied to the toe 
as 82.32 N in the TO stage, an appropriate torsion spring was 
selected. In this study, the slope of the metatarsal head was 
designed, and the load was applied. The shift of the force point from 
the tip of the toe to the slope of the metatarsal head reduces the 
required strength and indicates that it can be manufactured us
inexpensive materials. Physical property data were obtained through 
strength tests of the materials used, and the TO situation requiring 
the most load was implemented through 3D simulation. The highest 
stress part was 33.23 MPa and the tensile strength
used was 602.0 MPa, proving that the robot prosthetic foot could 
withstand it. The FSR sensor attached to the sole of the foot 
recognizes the wearer's gait phase, and the motor mounted on the 
ankle operates as desired. The robotic prosthet
a jig and tested whether it could detect the start of walking, lifting, and 
walking speed. The FSR sensor was attached to the human foot at 
the same location as the robot prosthesis, and sensing was 
compared according to the gait stag
human and robot prosthetic limbs for each motion was similar, and it 
was shown that the FSR sensor algorithm proposed in this study can 
distinguish the gait phase. Each development has been used to 
reduce the cost of robotic prostheses and make them available to 
amputees and demonstrated their feasibility through strength and 
algorithmic controlled tests. The robotic prosthesis proposed in this 
paper can be manufactured using 3D printing technology and can be 
purchased for $500. In future studies, it will be necessary to develop 
a gait improvement function by inserting an encoder into the ankle 
axis motor to measure the rotation angle and feedback for gait data. 
In addition, additional research is needed to improve the design and
increase the sensing sensitivity by implementing the curved surface 
of the human body and the arch of the foot.
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