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ABSTRACT 

In this study, a new low-cost, three-degree-of-freedom force sensor is developed to measure Ground 
Reaction Forces (GRFs) and to be used in the safe control of active transfemoral prosthesis. Initially, the 
proposed sensor was designed with the Finite Element Method (FEM). Then, the sensor's control board 
was developed to include an electronic circuit with its microcontroller module, four load cell amplifiers, 
and an orientation sensor. A test platform was also developed to conduct the sensor tests. To test the 
accuracy of the results obtained from the developed test platform, the same tests were also carried out with 
a commercial sensor and similar results were obtained, thus proving that the sensor is suitable for use in 
prosthetics. 

Keywords-active transfemoral prosthesis; control; control board; Finite Element Method (FEM); force sensor; 

ground reaction forces; test platform   

I. INTRODUCTION 

Amputation is the severance of a limb, at any level, from 
the body. [1]. About 1.9 million people in the world have lost 
their legs for various reasons, and it has been found that about 
400 thousand of these people have above-the-knee amputations 
[2]. Lower limb (transfemoral) amputation has a serious impact 
on a person's physical activity. The loss of a leg is a traumatic 
condition and causes a loss of freedom, as it reduces functional 
capacity and excludes an individual from life [3-8]. Amputee 
rehabilitation aims to improve function and life quality. 
Transfemoral prostheses act as a treatment for amputations or 
congenital missing legs [9, 10]. Transfemoral prostheses can be 
of two types: active and passive. Passive prostheses do not 
provide any moving support, whereas the active ones offer 
active support for their user to move in the desired trajectory 
[11-14]. 

Since the transfemoral prosthetic contacts touch the ground, 
their employment requires force control. Especially in active 
prostheses, it is important to control the prosthesis with an 
effective control method. For safe movement, the forces 

applied to the prosthesis are measured and exploited to regulate 
the prosthesis [15, 16] like in other biorobotic applications [17-
19]. The natural balancing system of the human body is 
controlled by the muscles and bones. Prosthetic members 
disrupt the natural functioning of this balancing system, and 
prosthetic users cannot percept accurate feedback about the 
reaction forces. In this case, user safety may be compromised. 
Sensors have an important statue in solving this issue. They can 
be deployed for safe control of active transfemoral prosthesis, 
while they have a primary role in improving correct gait and 
prosthetic fit [20-22]. A sensor is a key element in the 
prosthesis structure, used in the control of the prosthesis. 

The reactions of the active prosthesis in contact should be 
compatible with the normal leg and the user's intention. 
Therefore, Ground Reaction Forces (GRFs) are put into service 
for the measurement of contact forces. The correct adjustment 
of the prosthesis is very important in providing comfort and 
harmony during its utilization. A significant part of the 
transfemoral prosthetic sensors is that they are used to compute 
the ground reaction forces during the body movements of the 
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prosthesis user. These sensors can be deployed to record the 
gait data of the prosthetic user and help with the correct control 
and adjustment of the prosthesis. They can also provide data to 
the developed controllers. Therefore, the measurement of the 
GRF is substantial in controlling both the above-knee and 
below-knee lower limb prostheses [23, 24]. There are 
professional and expensive sensors that can be applied for the 
calculation of GRFs [25]. However, is impractical to use 
expensive general-purpose sensors in lower limb prostheses, 
since they do not physically adapt to the prostheses. 
Additionally, high-cost commercial sensors increase the cost of 
prosthetics. This is a significant obstacle to the widespread 
prosthesis usage. The sensor is usually positioned between the 
ankle and foot for force control.  

The study described in this article presents the sensor 
feasibility required for the design of a transfemoral prosthesis. 
The developed transfemoral prosthesis and sensor design are 
shown in Figure 1. With the active knee and ankle prosthesis 
considered, the aim is to provide improved functional support 
compared to passive prostheses. The designed transfemoral 
prosthesis, observed in Figure 1, has the potential for balance 
advantage on rough ground with three-axis movement by the 
designed sensor. 

 
Fig. 1.  Transfemoral active prosthesis design and the proposed sensor. 

TABLE I.  COMPARISON OF COMMERCIAL AND NON-COMMERCIAL FORCE SENSORS 

Reference Measurement capability Design purpose 
Measurement 

approach 
Measured 

values 
Dimensions 

(mm) 
Cost Electronics 

[36] 3 axis force, 3 axis torque General robotics Piezoresistive General q25 × 21.6 Very high Separated 
[35] 3 axis force Gait analysis Piezoresistive GRF, CoP Dispersed Lower Separated 

[37] 3 axis force, 3 axis torque 
Daily activity and gait 

analysis 
Piezoresistive GRF, CoP q45 × 15.7 Very high Separated 

[31] 3 axis force, 3 axis torque Gait analysis Piezoresistive ZMP, GRF 2 pieces Higher Separated 
[32] 3 axis force Gait analysis Piezoresistive GRF, CoP 280 × 120 × 43 Higher Integrated 
[34] 3 axis force, 3 axis torque General robotics Piezoresistive GRF Dispersed Lower Separated 
[38] 3 axis force Gait analysis Optical GRF Dispersed Higher Separated 
[23] 3 axis force, 3 axis torque Below knee prosthesis Piezoresistive GRF, ZMP 45 × 45 × 9 Very high Integrated 
[39] 3 axis force, 3 axis torque Transfemoral prosthesis Piezoresistive GRF q94.5 × 33,3 Higher Separated 
[40] 2 axis force Transfemoral prosthesis Piezoresistive GRF q100 × 40 Higher Integrated 
[41] 2 axis force Movement analysis Optical GRF 50 × 50 × 35 Higher Separated 

Proposed 3 axis force Transfemoral prosthesis Piezoresistive GRF, CoP, ZMP 130 × 80 × 24.7 Lower Integrated 
 

The force between the prosthesis and the ground is detected 
by a sensor. Thus, the movement of the active transfemoral 
prosthesis is managed by the sensor [15, 16, 20, 26]. According 
to biomechanical data, there is an average GRF of 1000 N for a 
healthy person [27-29]. In order for the sensor to be used in a 
transfemoral prosthesis, it must meet these requirements. The 
sensor in [30] is positioned under the foot for a lower limb-like 
anthropomorphic robot. The former is designed as a three-axis 
moment to recreate the Center of Pressure (CoP). The sensor 
under the universal joint, which is the ankle joint, has been 
employed as a determinant in the robot's walking by measuring 
force and moment on three axes. In [31], a six-axis force sensor 
was developed for estimating GRFs in humans or humanoid 
robots. The sensors were connected with parallel support. In 
[32], a low-cost sensor package was introduced for clinical gait 
analysis that can provide quantitative and reproducible results. 
Force sensing resistors and piezoelectric sensors were 
implemented for force measurement. In [33], a force sensor 
with 6 degrees of freedom was developed. Sixteen Strain 
Gauges (SGs) were utilized in the sensor to detect the Center of 

Pressure (CoP) and Zero Moment Point (ZMP) for gait 
analysis. A sensor package with nine SGs designed for gait 
analysis was also flexibly mounted under the shoe [34]. 
Authors in [35] proposed a wearable sensor designed to 
measure the GRF. Gait analysis was adopted to measure the 
pressure center [35]. The sensor system includes five small 
three-axis force sensors that come under the foot. Single-axis 
transfemoral prosthesis studies predominate in the literature 
and commercial products. The freedom of movement of these 
prostheses is limited. Especially in commercial prostheses, 
sensors are generally not used. 

Table I portrays a comparison of commercial and non-
commercial force sensors. The comparison is performed taking 
the following issues of the sensors into consideration: 
Measurement capability, design purpose, measurement 
approach, measured values, dimensions, producing cost, and 
electronics. 

In particular, the following sensors were evaluated. They 
have been developed for the computation of the described 
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GRF, CoP, and ZMP values. Similar studies are excluded and 
the most characteristic ones are expressed. Most of the sensors 
in Table I are developed for general purpose applications and 
only four are developed specifically for prosthetic purposes. 
The majority of sensors perform measurements based on the 
piezoresistive effect, and a few sensors also carry out optical 
measurements. The force sensors in Table I have different 
sizes. The proposed sensor in this study is designed in 
dimensions suitable for use in prosthetics. 

Considering Table I, the sensor package in this study differs 
from the sensors developed for force measurement in the 
literature. The former sensor is designed in accordance with the 
transfemoral prosthesis structure in Figure 1 and the GRF 
measurement requirement. Almost all prostheses are different 
from each other. Therefore, the sensor design is unique to itself, 
as in the prosthesis. The proposed sensor is a cost-effective 
modular design developed as an alternative to expensive multi-
axis force sensors, and thus more amputees can be reached with 
the modular structure and low cost features of the designed 
sensor. The sensor’s sensing capabilities can be extended 
according to the user needs by easily switching individual load 
cells. This renders the recommended sensor a modular 
structured sensor the modular design of which makes it simpler 
to be manufactured and installed. As expressed in Table I, the 
sensor-specific control card is integrated with the mechanical 
design. As noticed in Figure 1, the sensor under the ankle joint 
is physically small and lightweight. The proposed sensor (i) is 
specifically designed for prosthetics and GRF measurement, 
(ii) has low cost, (iii) has less producing and assembly 
complexity, (iv) has a modular structure, and (v) has an 
integrated structure. 

The sensor package designed in this study includes lower 
and upper layers, load cells combined in a modular structure, 
and a control card. The sensor package is a 3-axis force sensor 
for GRF measurement, which is especially needed in 
transfemoral prostheses. The structural design of the suggested 
sensor was executed following the Finite Element Method 
(FEM). A test platform suitable for the intended use for sensor 
tests has also been developed. The measurement protocol 
appropriate for the needs of the prosthetics was applied to the 
sensor on the test platform. Basic sensor tests were performed 
and the results were verified by comparison with those of a 
commercial sensor. 

II. PRINCIPLES OF MEASUREMENT 

Many methods have been implemented to measure the 
forces exerted to objects. The use of load cells is the most 
common one. A load cell converts a load force into an 
electrical signal using piezoresistive SGs. The latter are 
employed to obtain expansion or contraction data of the 
materials subjected to any force. A load cell unit has four SGs 
placed to the upper and bottom surfaces, as depicted in Figure 
2. The load cell is fixed at a certain side and the force is applied 
at the opposite side. When a force is applied (Figure 2), SG1 
and SG3 are under tension, whereas SG2 and SG4 are under 
compression. Tension or compression effects (either positive or 
negative), change the shape of the SG and this alteration is 
expressed as strain. Thus, the tension and compression effects 
lead to a strain in each of the four SGs. Using the strains that a 

load cell will generate under a certain force, the total strain ε of 
the load cell can be calculated by [39, 40]: 

1 2 3 4sg sg sg sg            (1) 

where ε is the total strain of the load cell and 1sg , 2sg , 3sg , 

and 4sg  are the strains formed in the SGs in the load cell. The 

SGs are attached in the form of a Wheatstone bridge as 
displayed in Figure 2. Therefore, an electrical signal 
proportional to the applied load is obtained from the SGs. 

 

  
Fig. 2.  The single load cell unit, placement of the four SGs, connection of 
the SGs. 

The load cell is mounted on the element where the force is 
detected and is exposed to the change caused by its 
deformation. The main variable about the strain sensitivity of 
load cells is the Gauge Factor (K). 

/ /

/
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    (2) 

where R is the resistance, l is the length and   is the strain. In 
general, the strain on the force sensing element is very small. 
The change in resistance is less than 0.2% [41]. 

The output can be calculated deploying the Gauge Factor 
and by the following equation as the ratio between the voltages:  

1

4

o

i

E
K

E
      (3) 

where Ei and Eo represent the input and output voltage of the 
Wheatstone bridge, K is the Gauge Factor (about 2.0), and   is 
the total strain of the single load cell unit. From (3), the output 
voltage has a linear relationship with strain. 

III. STRUCTURAL DESIGN 

The sensor has four load cells positioned between the ankle 
and the foot for force control. The sensor package includes two 
lower and upper laser-cut 7075 Al sheet plates. They are 
connected for load distribution and to operate as unifiers. Four 
load cells are positioned between these plates. The load cells 
(Uxcell, a18112500ux0206) are combined in the structure 
presented in Figure 3 to measure the ground reaction forces in 
the sagittal and frontal planes. There are spacers manufactured 
with a 3D printer from carbon fiber ABS material that help to 
make connections between the plates and the load cells. The 
sheet metal sheets have dimensions of 80 mm × 130 mm and 
the total height of the sensor with sheet metal sheets, carbon 
fiber ABS parts and load cells is 24.70 mm. The parts are 
connected to each other with screws. 
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Fig. 3.  Sensor package design and dimensions, (a) assembly view, (b) 
exploded view. 

 
Fig. 4.  Sensor package and control card. 

An electronic board containing the ESP32-WROOM-32UE 
microcontroller module and an ADS1256 24 bit 8 channel 
analog to digital converter is developed to acquire the sensor 
data as depicted in Figure 4. This board also includes a smart 9-
axis orientation sensor of BNO055, which has a three-axis 14-
bit accelerometer, a three-axis 16-bit gyroscope, a three-axis 
geomagnetic sensor, and a 32-bit microcontroller. The block 
diagram of the control board for the proposed sensor package is 
observed in Figure 5. This board has small dimensions and low 
energy consumption. Small size is an important advantage 
because it allows easy placement into the body of the prosthetic 
user. 

 

 
Fig. 5.  Sensor package and control card. 

TABLE II.  PROPOSED SENSOR PRODUCTION COST 

Part Manufacturing Pieces Dimensions Price 
($) 

7075 Al Sheets Laser cutting 2 80 × 160 × 2 mm 6 

Load cells Bought 4 45 × 6 × 9.40 mm 8 

ESP32-WROOM Bought 1 - 4 

ADS1256 Bought 1 - 15 

PCB Sample design 1 40 × 36 mm 4 

Other electronic 
components 

Bought - - 2 

Total cost 39 

Multi-axis force sensors available in the industry cost 
between one thousand and ten thousand dollars. Table II 
manifests the cost items of the proposed force sensor in detail. 
The total cost of the multi-axis force sensor proposed in this 
study is around $40, including the produced mechanical and 
electronic parts. 

IV. MECHANICAL (STRAIN) ANALYSIS 

This section presents the finite element analysis of the 
sensor. The ANSYS software was implemented for the FEM 
modeling. Figure 6 illustrates the 3D shape and finite element 
model of the sensor components. The sensor consists of 713575 
elements and 1647977 nodes. The element size in the model is 
0.5 mm. The forces are exerted to the upper plates by fixing the 
sensor lower plates as evidenced in Figure 7. The mechanical 
properties of the lower and upper plates are determined as that 
of the 7075 Al sheet material. Carbon fiber ABS mechanical 
properties are identified for the 3D printed and connected to the 
metal sheet parts. The mechanical properties of the 7075T7441 
aluminum alloy are determined from the load cell datasheet. 

 

 
Fig. 6.  3D and finite element model of sensor components. 

 

Fig. 7.  Exerting force to the sensor, force direction, and fixed support. 

TABLE III.  FINITE ELEMENT ANALYSIS 

Material type 
Measurement 
results (MPa) 

Critical value (Maximum 
strength) (MPa) 

Load cells 351.37 525 
Carbon fiber ABS 25.61 54 

Sheet plates 215.45 420 

 

 

Fig. 8.  Total deformation. 
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Fig. 9.  Von Mises strain distribution. 

The design of the sensor structure is essential for a force 
sensor, because the accuracy and sensitivity of the sensor are 
greatly related with the structure. Figures 8 and 9 demonstrate 
the strain distributions on the designed sensor from FEM 
analysis. The total deformation is 0.48 mm. The security 
coefficient is 1.49. According to the FEM results, the design is 
highly durable. The results of von Mises stress in Table III 
were acquired by the FEM analysis. The former exhibit a 
satisfactory accuracy of the proposed sensor according to the 
defined boundary conditions. 

V. TEST PLATFORM 

A test platform was constructed to estimate the performance 
of the sensor package as revealed in Figure 10. A universal 
joint was located on the top plate of the sensor package to hang 
up lower leg weights. Thus, this platform provides the angles 
required for the prosthesis. The movements that occur at the 
ankle joint are plantar flexion, dorsiflexion, inversion, and 
eversion. The motion ranges are: dorsiflexion 30°, 
plantarflexion 50°, inversion 35°, and eversion 20° [45]. The 
platform supports these angles to prove measurements in the 
sagittal and frontal planes. 

 

 

Fig. 10.  Test mechanism. 

The angles made by human knee and ankle joints can be 
simulated with the two-joint structure. The two-joint structure 
is mounted by hanging on the upper table in the test 
mechanism. The lower and upper axes are connected to each 
other by vertical fittings. Thus, axis shift is prevented at the 
lower and upper connection points. There are connection holes 
made by laser cutting at equal distances on the x and y axes on 
the upper table. The connection point to the upper table can be 
connected through the desired hole depending on the need. 
Thus, dorsiflexion-plantarflexion movements on the x axis and 
inversion-eversion movements on the y axis can be applied at 
the desired angle. The sensor package is fixed to the lower 

table to prevent the drift effect. Accurate force measurements 
can be made with the fixed sensor. The load to be mounted on 
the sensor is controlled by using fixed weights. Since the 
sensor package is intended to be utilized in transfemoral 
prosthesis, a maximum user weight of 80 kg has been 
determined. For example, during walking, the weight will ride 
on the prosthesis. The sensor package can compute the forces 
caused by different weights. For this purpose, the knee joint 
can be easily separated by means of a pin, whereas it is possible 
to be reconnected trough loading different weights.  

In the test mechanism, the knee joint and the hanger system 
are capable of moving on one axis (1 DOF), whereas the ankle 
joint is designed to have freedom of movement on two axes (2 
DOF) with a universal joint. Thus, by controlling the joints, the 
movement at the ankle joint can be simulated. 

VI. FORCE SENSING 

Zero balance of force sensing is needed to initiate the 
calibration measurement. The force sensing unit consists of 
piezo-resistive load cells and the zero point of drift caused by 
some environment variables can be spotted in the measurement 
values. These drift values are in very low range, because the 
sensor unit is used with limited temperature degrees and they 
are eliminated through a calibration algorithm. Thus, the 
measured value equals to 0 when no load is applied to the force 
transducer. It is ensured that all parts are tightly assembled into 
one unit. Then, the force is increased to the nominal value, 
while the output signal is observed. The difference of the 
output signal between zero force and the nominal force gives 
the rated value. 

 

 

Fig. 11.  Force tests for ankle joint on the x-axis (a) α= -50°, (b) α = 50°, (c) 
load cell placement on the x-axis. 

Static forces are exerted to determine the linearity and 
sensitivity of the sensor. Each force is exerted to the sensor at 
different angles, from zero to full-scale value. Maximum angles 
for dorsi-plantar flexion and eversion-inversion movements at 
the ankle are 50° and 35°, respectively. The force sensor tests 
are performed with these angles. The α angles on the x-axis can 
be detected in Figure 11. The connection points providing these 
angles are calculated by using the shift values from the upper 
table center. 

The terms of s, k, and a represent the stump connection 
point, knee joint, and ankle joint, respectively (Figure 11). 
When a force is exerted to the sensor on the x-axis, the 
difference between the measurements of the load cells loadcell 
2 and loadcell 4 gives the Fx value. Similarly, when a force is 
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exerted to the sensor on y-axis (Figure 12), the difference 
among the measurements of the load cells, loadcell1, and 
loadcell3 gives the Fy value. The β angles on the y-axis can be 
evidenced in Figure 12. 

 

 

Fig. 12.  Force tests for ankle joint on the y-axis: (a) β=35°, (b) β=-35°, (c) 
load cell placements on the y-axis. 

Firstly, the forces are exerted to the sensor in the vertical 
direction (z axis) using bumper plates. The weights of the 
plates are 0, 5, 10, 15, and 20 kg for the loading process and the 
same in reverse for the unloading process. The bumper plates 
are weighed with a precision scale. This is the test protocol 
repeated in the test platform by exerting force to the sensor at 
the above given angles. Hysteresis, repeatability, and linearity 
tests are also performed on the sensor with this method. 

Table IV exhibits the nominal output of the FEM and the 
experimental results according to the weight of 20 Kg (190.43 
N) with angles of 50° on the x axis and 35° on the y axis 
(Figures 11, 12). The FEM output values are computed with 
(3) from the strain data obtained with FEM. The errors of the 
characteristic test results acquired from the FEM analysis are 
0.7% for Fx and 2.6% for Fy. Errors are caused by position 
errors of the load cells, production error of lower and upper 
layers, and the FEM software.  

TABLE IV.  NOMINAL OUTPUT OF SENSOR PACKAGE 
FROM FEM AND CHARACTERISTIC TEST RESULTS 

Force 
(190.43 N) 

Output rate (mV/V) Error 
(%) FEM Experimental 

Fx -0.45 -0.453 0.7 

Fy 0.87 0.847 2.6 

A weight of 20 Kg (190.43N) is employed to measure the 
interference error of sensor package, and its results are given in 
Table V. As described above, the interference error is evaluated 
by the forces exerted on the x and y axes at the determined 
angles. As demonstrated in Table V and as expected, the error 
is higher on the y axis than on the x axis, because the load cell 
positions in the sensor structure (Figures 3, 11, and 12) are 
different on the x and y axes. Therefore, the maximum 
interference error of the developed sensor is 1.86%.  

Forces in the loading and unloading processes are exerted 
to the sensor applying the described protocol. The sensor 
output voltages on the x and y axes are measured for all forces 
and the results are graphically provided in Figure 13. 

TABLE V.  INTERFERENCE ERROR OF SENSOR PACKAGE 
FROM FEM  

Force 
(190.43 N) 

Interference error (%) 
Fx Fy 

Fx - 0.21 

Fy 1.86 - 

 

The Fx values increase as the force increases on the x axis. 
Similarly, they decrease as the force decreases on the x axis. 
The measurement results have linear characteristics 
proportional to the input force. Meanwhile, as the force rose 
and was reduced on the x axis, the Fy values were measured 
close to 0, as expected. Deploying the same protocol, the 
sensor was tested at a 35° angle on the y axis and the negative 
y-axis. The sensor output voltages on the x and y axes are 
computed for all forces and the results are graphically 
showcased in Figure 14. 

 

(a) 

 

(b) 

 

Fig. 13.  Results on the positive (in green) and negative (in blue) x-axis, 
when loading and unloading. (a) Fx values, (b) Fy values. 

The Fy values increase as the force increases on the y axis 
and decrease as it decreases. However, as the force increased 
and decreased on the y axis, the Fx values were measured close 
to 0, as anticipated. The measurements seen in Figures 13 and 
14 are attained by exerting forces to the sensor at certain 
angles. The graphs show the linearity in the measurements. 
Additionally, hysteresis error is measured during the loading 
process for the sensor package. The forces are exerted to the 
sensor package vertically on the z axis with increasing values. 
The results and errors are disclosed in Table VI. The highest 
error value is 0.75% and the lowest is 0.10%. The hysteresis 
error is in the range of 0.65%. In addition, in the 
measurements, the decreasing error rate values are obtained 
with an increasing load. Regarding these results, it can be 
concluded that the sensor has a high hysteresis-free 
performance. 
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(a) 

 

(b) 

 

Fig. 14.  Results on the positive (in orange) and negative (in green) y-axis 
when loading and unloading. (a) Fy values (b) Fx values. 

TABLE VI.  HYSTERESIS ERROR OF SENSOR PACKAGE 

Fz (N) 
Reference 

Fz (N) 
Experimental 

Error (%) 

47.02 N (5 kg) 46.67 0.75 

93.91 N (10 kg) 93.26 0.69 

143.06 N (15 kg) 142.92 0.10 

190.43 N (20 kg) 189.59 0.44 
 

The designed sensor was also subjected to repeatability 
testing. Figure 15 depicts the outcomes of exerting 190.43N 
(20 kg) force 20 times on the three-axes. The force was applied 
vertically in the z-axis and at certain angles on the x and y axes 
as described above. Sensor repeatability error is the highest at 
1.063% on the x-axis, 0.639% on the y-axis, and 0.466% on the 
z-axis. 

In general, errors are caused by certain reasons. One of 
them is the thickness of the processing plate, considering the 
production of the lower and upper tables of the sensor. The 
rigidity of the sensor's assembly and the manufacturing 
precision of the parts ensure high accuracy results. Mass 
production errors of the load cells effect interference errors. 
Other reasons can be the errors generated by the mounting of 
the sensor parts, errors from control board, and errors from 
temperature variation. Concerning the comparative FEM 
analysis and the experimental results, the sensor can be 
characterized as suitable for transfemoral prosthesis. 

VII. VERIFICATION 

An ATI F/T Gamma SI-65-5 sensor was used for the 
verification of the proposed sensor package. The latter was 
compared with the ATI sensor taking into account static 
measurements. The ATI sensor has measurement limits of 65 
Nm for x and y axes, 200 Nm for the z axis, and 5 Nm torque 
for all axes. 

(a) 

 

(b) 

 

(c) 

 

Fig. 15.  Repeatability error. 

In the literature, there are a few studies where commercial 
sensors are compared with the proposed sensors. These studies 
present small amounts of data and comparative assessment [43, 
44]. 

Measurements were implemented on different axes after the 
commercial sensor was calibrated on the test platform. 
Experimental measurements were performed under the same 
conditions with the proposed sensor and the commercial sensor 
having been compared (Figure 16). For experimental 
comparison, the weight loading process described in the 
previous section was repeated with the commercial sensor. The 
measurement results in the vertical direction (z axis) are 
provided in Table VII. 

 

 

Fig. 16.  Measurements with a commercial sensor. 
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TABLE VII.  COMPARISON OF SENSOR PACKAGE AND THE 

COMMERCIAL SENSOR FOR FZ 

Input 
Force 

(N) 

Output for proposed 
sensor 

Output for Commercial 
sensor 

Measured 
force (N) 

Error ratio 
(%) 

Measured 
force (N) 

Error ratio 
(%) 

47.02 46.67 0.75 47.09 0.14 

93.91 93.26 0.69 95.26 1.44 

143.06 142.92 0.10 143.73 0.47 

190.43 189.59 0.44 189.17 0.66 

 

Table VII manifests the error rates of the proposed and the 
commercial sensors. There is some error in the measurements 
of the commercial sensor. The suggested sensor displays higher 
accuracy for these measurements. It can be concluded that the 
former was verified from the comparison results. The 
comparative measurement results in Table VII are similar in 
terms of error ratios. The proposed sensor gives measurements 
with high accuracy, considering the error margin in both 
sensors. 

VIII. CONCLUSION 

Transfemoral prostheses must acquire accurate feedback 
about the ground reaction forces in order for the former to be 
controlled correctly. Transfemoral prosthetic sensors provide a 
precise way to estimate ground reaction forces for prosthetic 
users. Although there are many similar sensors, none of them is 
commercially employed, usually due its high costs. Just as 
almost every prosthesis is personalized, its sensor is also is also 
specifically manufactured to meet the needs of the prosthetic 
part. In the same way, the proposed sensor in this study is a 
new sensor  specifically adapted to the designed transfemoral 
prosthesis. 

In this study, a low-cost three-axis force sensor modularly 
designed is thoroughly presented. For the designed 
transfemoral prosthesis, the ground reaction forces below the 
ankle joint are accurately measured by the sensor. The 
proposed sensor is a much cheaper and more practical solution 
than other known sensors. The former consists of three main 
blocks: lower and upper mounting plates, upper and lower ABS 
plates, and four load cells. The lower and upper mounting 
plates and the upper and lower load cell spacers are made of 
laser-cut sheet metal and carbon fiber ABS material 
manufactured with 3D printers, respectively. The modular 
design of the sensor makes it simpler to be manufactured and 
assembled. By swapping out the load cells as needed, modular 
structural feature allows for easy adjustment of the detection 
limits. A control card, containing a microcontroller module, 
four load cell amplifiers, and an orientation sensor, is designed 
to receive sensor data. The simulation results obtained from the 
finite element analysis software (Table III) suggest that the 
sensor design provides sufficient strength. 

In order to clearly indicate the contribution of this article, 
the proposed sensor was compared with an existing commercial 
sensor. According to the comparison results, the proposed 
sensor has advantages in some topics: (i) modular structure, (ii) 
less production and assembly complexity, (iii) lower cost, and 
(iv)integrated electronic and mechanical structures. The 
suggestef sensor is a modular structured sensor, because the 
detection limits can be expanded according to the requirements 

generated by changing the individual load cells. Given that it 
has a simple and modular structure, the complexity of 
production and assembly is less than the norm, rendering the 
proposed sensor cost-effective. Using low-cost methods in 
sensor production can significantly reduce the prosthesis sensor 
prices and support the widespread use of prostheses. 

Some other characteristics of the proposed sensor are: (i) 
The orientation sensor already mounted on the electronic card 
will be used in a future study to detect angular forces in the 
prosthesis, (ii) the introduced sensor with its own 
microcontroller provides ease of control by reducing the 
processing load in prosthesis control experiments. 

A test platform was constructed to measure the 
performance of the sensor package. Transfemoral prosthesis 
and ankle joint movements were also provided on the test 
platform. During the test, the forces were exerted to the sensor 
in the test platform at different angles of the ankle joint. The 
test results reveal that the sensor has precision sensitivity, low 
linearity error, and low interference error. These features are 
sufficient for using the proposed sensor in transfemoral 
prosthesis. 

In addition, comparative measurements were performed 
with a commercial sensor for verification. The measurement 
results of the proposed sensor and the commercial sensor are 
highly coherent. The suggested sensor measures display high 
accuracy.  

As a result of the tests performed, it is determined that the 
sensor is suitable for GRF measurement. 
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