
  

 

Abstract— There are only a few insole ground reaction force 

(GRF) measurement systems for running and jumping because 

the capacity and durability of the system were not guaranteed to 

measure the heavy load on the foot. We propose insole-type 

measurement system that can measure up to 900N to assure the 

capacity of GRF during running and jumping. The proposed 

system was implemented using a sensor-embedded flexible shoe 

including four custom optoelectronic based force sensors with 

high reliability. In order to evaluate the performance of the 

proposed sensor, static loading and unloading tests were 

performed to compare the hysteresis with the force sensitive 

resistors (FSR) which are widely used in insole-type system. 

During test, FSR and the proposed force sensor were loaded to 

the reference force sensor simultaneously; the hysteresis error 

of the proposed system (4.8%) was better than that of FSR 

(23.54%). By utilizing these custom force sensors, the proposed 

system was manufactured and evaluated for walking, running at 

8km/h and withstanding high jump experiments with the 6-axis 

force plate based on NRMSE (Normalized Root Mean Square 

Error). The results were 14.68± 4.75% for long period walking, 

10.9± 6.5% for running, and 14.72± 4.44% for jumping. From 

these results, the proposed system helps to measure GRFs in 

real-time for various human movement. 

I. INTRODUCTION 

The force between the ground and the human foot is 
specifically called ground reaction force (GRF), which is 
essential to gait analysis because it contains physiological 
information and motion intents of human  [1]. From this point 
of view, GRF is important in order to diagnose the abnormal 
walking of patients in the rehabilitation field [2], [3] and to 
control the robotic system, such as the prosthesis or 
exoskeleton [4–6] in the robotic field. In addition, the diverse 
movements of human, such as running, jumping, and etc, are 
investigated using GRF in the sports field recently [7–9]. Even 
though the stationary force plate has been widely used, the 
mobility of this system is not adequate for outdoor and various 
terrains. 
To overcome the disadvantage of the stationary force plate, 

there are many studies about development of the compact 
GRF measurement system. Compact GRF measuring system 
can be categorized as the insole-type and the outsole-type 
GRF measurement system. In case of insole-type system, the 
force sensors installed on the sole of the system with contact 
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the sole of human directly. In contrast, the outsole-type system 
refers that the force sensors of system are under the sole of 
system. The insole-type system can detect the accurate phases 
of gait and assure the natural walking pattern compared to the 
outsole-type system. In addition, it can employ various 
environments, such as ground with the soil and pebble where 
the outsole-type system can be broken. Due to these advantage 
of the insole-type GRF measurement system, there are already 
existing products, such as F-scan (Tekscan, USA), Dynafoot 
(Techno Concept, France) [10], [11]. These products consist 
of the flexible insole-type sensors that provide pressure, force, 
and time information for real-time gait analysis. However, 
there is a chance of distorting the sensor signals when sensors 
with flexible structure is bent unpredictable, and it is hard to 
utilize these systems in research because they are too costly. 
Crea et al. developed the pressure-sensitive foot insole using 
the 64 pressure–sensitive sensors based on the optoelectronic 
technology [12]. In this research, correlation of ground 
reaction force pattern between the insole system and force 
platform was reliable and there was not drift of the sensor 
output. However, the error of each sensor can be accumulated 
so that the total error of the insole system is amplified. In other 
studies, Howell et al. and Redd et al. developed a low-cost 
insole using force sensitive resistors (FSR) [13], [14]. 
Although the FSR is suitable to insole-type system due to thin 
and flexible properties, it is not appropriate to measure GRF 
because the time response of sensors is poor under dynamic 
environment [15]. Moreover, it cannot cover all capacity of 
GRF on the foot during gait events.  

In this study, we proposed a flexible insole-type GRF 

measurement shoes utilizing four developed force sensors 

based on optical sensor for jumping and running (Fig.1). 

These sensors can overcome above limitations and guarantee 

the reliability of GRF measurement system. The force per 

volume, that the force sensors can measure, is larger than FSR 

and the sensor can cover the compact area of sole, where GRF 

is loaded. From these advantages, we can apply the proposed 

system to the dynamic environment, such as running and 

standing high jump. Previous systems did not carry out for 

running and jumping because the capacity of previous 

compact GRF measurement system cannot cover the load 

during running and jumping [7-9].  

This paper is organized as follows: Section 2 describes the 

proposed force sensor and the design of the flexible insole 

GRF measurement shoes. In section 3, the static loading and 

unloading test are carried out to compare the developed force 

sensor and FSR. Moreover, to validate the high reliability and 

capacity, we conducted experiments that the subject walked, 

ran, and jumped on the treadmill-type force plate. Finally, 

conclusion is considered in section 4. 
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II. METHOD AND MATERIALS 

A. Design of force sensors and GRF measurement shoes 

Previously we developed instrumented outsole that can 

measure the 3-axis GRF using optical sensors [16]. By using 

same technology, we manufactured a smaller and more 

suitable force sensor for the insole-type GRF measurement 

system. To be specific, Force sensor (1D60, I2Asystems Co. 

Ltd., South Korea) was developed using an optoelectronic 

diode as shown in Fig. 1 (c). Light is emitted from the small 

LED and reflected by the top plate of the force sensor. The 

distance between the optical sensor and the top plate can be 

calculated from the amount of light. To increase the capacity 

of the small sized custom sensor, Belleville springs are 

installed. Each sensor can measure maximum 900 N. The size 

and weight of sensor is 30mm x 5 mm and 10g (TABLE I). 

The output voltage of sensor can be acquired by an analog to 

digital converter (ADC) without any external amplifier. 

Although the capacity of sensor does not cover the load 

when human running and jumping, we installed the sensors at 

the specific region to avoid that whole GRF is loaded on the 

each sensor. To be precise, the proposed force sensors were 

Figure 1. Design of Flexible insole-type GRF measurement system. (a) 

System overview, (b) loaction of the developed sensors, and (c) structure of 

the sensors. 

 

. 
TABLE I.  SPECIFICATION OF THE FORCE SENSOR. 

Specification 

Maximum Force 900 N 

Height 5 mm 

Diameter 30 mm 

Weight 10 g 

 

. 

Figure 2. (a) Raw voltage signal form the proposed force sensors, (b) the 

result after step 1 of  calibration of each sensor to load cell, and (c) the result 

after step 2 of calibration with the force plate. 
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located in the flexible insole-type GRF measurement system 

following the anatomical information of the skeleton 

structure of human foot [17]. The reason why we chose the 

location was based on the previous research which estimated 

the complete ground reaction force with pressure insoles [18]. 

From this research, two metatarsal region and rear-foot region 

were chosen to estimate the vertical force. In the estimation of 

shear force, hallux region was chosen. The area where four 

force sensors were installed was rigid to avoid unexpected 

distortion of the insole. Other region where sensors were not 

installed was flexible to guarantee the natural gait. The size of 

GRF measurement system is 260cm, and 270cm (US size 41 

and 42). 

B. Calibration for GRF measurement system 

In order to measure GRF by using the proposed system, there 
were several processes to calibrate the voltage from each 
sensor data to force. Moreover, the calibration is required 
because the sum of GRF measured by each sensor would not 
cover whole GRF loaded on the human sole (Fig.2 (b)). 
Processes were classified into two steps. 
Step 1: The proposed force sensors were calibrated with the 

load cell (247s, Ktoyo, South Korea) as shown in Fig. 3 (a). 
Fig.2 (a) shows the raw voltage data of each sensor at the 
system. The relation between proposed force sensor and the 
applied force is cubic. Therefore, the equation of relation 
between the load cell and the force sensor was considered as 
(1). 𝑉𝑖  denotes the voltage measured by the force sensors. 
𝐹𝑖  denotes the force measured by the load cell, and 
a1, a2, 𝑎3, 𝑎𝑛𝑑 𝑎4 denote the factor multiplied to each sensor. 
In other words, ai is a constant and multiplied to the voltage 
signal measured by sensors as a cubic equation. 
 

Fi = 𝑎1𝑉𝑖
3 + 𝑎2𝑉𝑖

2 + 𝑎3𝑉𝑖 + 𝑎4                (1) 
 
where i denotes the index of the force sensors from 1 to 4.  
 
Step 2: After the force sensors were equipped to the flexible 

shoes, sum of force loaded on each sensor were calculated. 
Next, the force sensors were calibrated with the treadmill-type 
force plate. To be precise, least square method was applied to 
every force sensor because they affect other sensors during 
human walking. From least square method, we can calculate 
the factors which can be multiplied to each force sensors by 
using (2), where Fforce plate denotes the force measured by the 

force plate, 𝐹𝑖  denotes the force measured by the force sensors 
through step 1, 𝑏𝑖 denotes the factor multiplied to each force 
sensor to calibrate with the force plate, and c denotes the 
offset. 

 

Fforce plate = ∑ 𝑏𝑖𝐹𝑖
4
𝑖=1 + 𝑐                     (2) 

 
As shown in Fig.2 (b), step 1 shows 65.42±7.67 % NRMSE 

with the force plate. Fig.2 (c) implied that step 2 shows 
10.78±0.98 % NRMSE with the force plate. However, the 
limitation is that step 2 process is needed to be calibrated every 
time the subject wears shoes. In addition, the constant 𝑏𝑖 , 𝑐 are 
different along each subject.  

Figure 3. Environment of experiments. (a) Quasi-statice loading and 

unloading experiments with the proposed force sensor, FSR, and load cell, 

(b) long period walking, running, and standing hugh jump  experiments on 
the treadmill-type force plate. 

 

. Figure 4. The results of the quasi loading and unloading test 
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III. EXPERIMENTS AND RESULTS 

A.  Experiments setup 

There were two kinds of experiments conducted. First 
experiment was the static loading and unloading tests in order 
to validate the performance of the developed force sensors. 
The force measured by the load cell was the reference force of 
this experiments (247s, Ktoyo, South Korea) and compared 
with FSR (FSR-402, Interlink, USA) as shown in Fig. 3 (a). 
Second, the 71.2kg weight and 172 cm height of subject was 

asked to walk during 30 minutes, running at 8km/h, and 
standing high jump on the treadmill-type force plate 
(Instrumented Treadmill, Bertec, USA) wearing the GRF 
measurement shoes as shown in Fig. 3 (b). The sampling rate 
of the force plate was 1 kHz and the data of shoes and force 
plate were acquired by the NI board at the same time. By these 
experiments, we validated the reliability and capacity of the 
GRF measurement system. The experiments were conducted 
on one healthy subject. The information of right foot was 
acquired to compare GRF for walking, running, and jumping. 

B. Comparison the proposed force sensors with FSR 

In order to validate the performance of the developed force 
sensor, it and FSR were applied to the force with the reference 
force sensor called loadcell simultaneously using the manual 
handle by 10N for 5 times. We did quasi-static loading and 
unloading tests, because the reaction force between the foot 
and the ground when human walking is similar to the static 
loading and unloading. To investigate the performance of each 
sensor, the hysteresis error of each sensor was compared with 
the load cell. The hysteresis error is expressed in (3). 
 

Hysteresis Error =
max(|𝐹𝑙𝑜𝑎𝑑𝑖𝑛𝑔−𝐹𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔|)

max (𝐹)
       (3) 

 
From (3), the hysteresis error of the proposed force sensor 

was 4.8% and that of FSR was 23.25%. In addition, the 

standard deviation of each sensor with its mean was ± 1.40 

for the proposed sensor and ±2.27 for FSR. From above 

experiment results, the proposed force sensor has a higher 

repeatability than that of FSR because hysteresis error and 

standard deviation of the developed force sensor was lower 

than FSR. Therefore, we showed that the proposed force 

sensor is well suitable for GRF measurement system.  

C. Comparison of the proposed GRF measurement shoes 

with the treadmill-type force plate 

First, for walking test, the subject was required to walk at 4 
km/h on the force plate during 30 minutes. The force measured 
by the force plate and the proposed system were acquired 
every minute and randomly selected 5 seconds per minute. 
Totally, 150 steps were extracted randomly and we calculated 
GRF by (2). The average and standard deviation of GRF 
measured by the force plate and the proposed system were 
shown in Fig.5 (a).   
As a result, NRMSE was 14.6±4.75% as shown in TABLE 

II. The reason why the error occurred was that there was the 

loss of force between 20% to 70% gait cycle. However, the 
peak of GRF was fitted quite accurately. In order to 
compensate the error, other calibration methods will be 
required instead of least square method. 

Figure 5. GRF from the developed system and the force plate with (a) 

walkin g during 30 minutes, (b) running with 8km/h, and (c) stading high 

jump. 

 

. 
TABLE II.  SPECIFICATION OF THE PROPOSED FORCE 

SENSOR.. 

NRMSE (%) 

Long period walking 

(30 min, 150 steps) 
14.68±4.75 

Running with 8km/h 

(3 min, 30 steps) 
10.9±6.5 

Jumping 

(3 min, 20 steps) 
14.72±4.44 

 

. 
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Second, for running test, the subject was required to run on 

the force plate during one minute at 8 km/h for three times. 

Totally, 48 steps were extracted and we calculated GRF by 

(2). The average and standard deviation of GRF measured by 

the force plate and the proposed system were shown in Fig.5 

(b). 

As a result, NRMSE was smaller than that of walking 

because the loss of the force was less. During running, the 

load on the medial forefoot was larger than that on the lateral 

forefoot[19]. To be specific, although our system is not likely 

to measure the load on the lateral forefoot, it can measure the 

load on the medial forefoot accurately. Therefore, for running, 

the total loss of the GRF was less than that of walking and the 

peak of GRF for running was twice than that of GRF for 

walking. However, the pattern of GRF was different with the 

force plate because of the least square method considering the 

peak value of GRF measured by the force plate. In detailed, 

because the peak of GRF during heel strike measured by the 

force plate was ambiguous, the constants which multiplied to 

the voltage measured by the proposed system were not 

accurate in (2). 

Finally, for standing high jump test, the subject was required 

to jump on the force plate during one minute for three times. 

The subject jumped The number of jumping per minute was 

ten. Totally, 20 steps were extracted randomly and we 

calculated GRF by (2). The average and standard deviation of 

GRF measured by the force plate and the proposed system 

were shown in Fig.5 (c). The step of juming was decided 

from heel-off to heel-on. Therefore, GRF of standing high 

jump was sum of GRF measured by the sensors where are at 

the toe and metatalsal region.  

As a result, NRMSE was 14.72±4.44% as shown in TABLE 

II. However, the reason why GRF pattern was different with 

the force plate was the loss of force to the area where the 

sensors were not installed and the least square method error 

on the basis of the peak force of the force plate [19]. 
In addition, we investigated the peak impact force on the 

foot according to the movements measured by the developed 
system as shown in Fig. 6. In case of walking and running, the 
load on the heel was the largest force and the load on the toe 
was the smallest force. In case of jumping, the load on the heel 
was not considered because we defined the step of jumping 
from the moment of heel-off to heel-on. Moreover, jumping 
was classified with two phases, which was taking off on the 
ground and landing on the ground, because the location of the 
force loaded on the foot was different according to the two 
phases. The main difference between taking off and landing 
on the ground was the force loaded on Meta12 region. When 
human landing on the ground, GRF loaded on the medial of 
forefoot was larger than the lateral of forefoot to keep his 
balance. The results were organized in the TABLE III. 

 

IV. CONCLUSION 

In this paper, we developed GRF measurement system in 
flexible shoes and analyzed its performance in jumping and 
running movements. The proposed GRF measurement had 
advantages because the four rigid optoelectronic force sensors 
were directly installed in the flexible shoes for sports activity 
and contacted with the human sole, which do not cause 
unexpected distortion at sensing parts. Moreover, these 
developed sensors had been shown high reliability rather than 
that of FSR. To be specific, the hysteresis error and the 
standard deviation of the proposed force sensor were lower 
than that of FSR. To validate the performance of the system 
for dynamic situations, we conducted long period walking, 
running, and standing high jump. As a result, the system can 
measure the GRF of each movement and the phases of 
movement. Despite its advantages, there were several 
limitations. The pattern of GRF was quite different with that of 
the force plate. For this problem, installing more force sensors 
in the shoes may be helpful. We found that the loss of force on 

TABLE III.  PEAK IMPACT FORCE ON THE FOOT ACCORDING TO THE MOVEMENTS. 

Peak impact force (N) 

Movements Heel Meta45 Meta12 Toe 

Long period 

walking 
572±40.18 404±9.50 375±17.61 83±4.58 

Running 71048.13 509±21.21 468±85.53 183±83.15 

Jumping  
(take off on the 

ground) 

- 614±44.20 253±52.98 278±91.8 

Jumping 
(land on the 

ground) 

- 624±80.99 537±72.23 257 ± 57.71 

 
 

. 

Figure 6. Peak impact force on the heel, Meta45, Meta12, and Toe according 

to walking, running, and jumping. 
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the foot where the sensors were not installed is different 
according to the movements. In addition, the experiments 
were conducted for only one the healthy human. For future 
works, we plan to measure various human movements for 
more subjects. To utilize the system for real sports field, we 
developed 2-axis force sensors which can measure the force of 
vertical axis and anterior and posterior axis.  
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