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Abstract
Wearable sensors are attractive for gait analysis because these systems can measure and obtain 
real-time human gait and motion information outside of the laboratory for a longer duration. 
In this paper, we present a new wearable ground reaction force (GRF) sensing system for 
ambulatory gait measurement. In addition, the GRF sensor system is also used to quantify the 
patients’ lower-limb gait rehabilitation. We conduct a validation experiment for the sensor 
system on seven volunteer subjects (weight 62.39 ± 9.69 kg and height 169.13 ± 5.64 cm). 
The experiments include the use of the GRF sensing system for the subjects in the following 
conditions: (1) normal walking; (2) walking with the rehabilitation training device; and (3) 
walking with a knee brace and the rehabilitation training device. The experiment results 
support the hypothesis that the wearable GRF sensor system is capable of quantifying patients’ 
lower-limb rehabilitation. The proposed GRF sensing system can also be used for assessing 
the effectiveness of a gait rehabilitation system and for providing bio-feedback information to 
the subjects.

Keywords: wearable sensors, ground reaction force (GRF), center of pressure (CoP),  
gait analysis

(Some figures may appear in colour only in the online journal)

1. Introduction

Quantitative gait analysis is a useful tool for clinicians to 
monitor and evaluate patients’ recovery status. Many gait 
analysis systems have been developed and evaluated for their 

performance. The earlier developed laboratory-based gait 
analysis systems are primarily built on the force plates, and 
the instrumented treadmill devices [1–3], and/or multi-camera 
motion capture system [4–7]. These gait analysis systems 
have a limitation with regards to restricted laboratory space 
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and capture volume. To mitigate these restrictions and limita-
tions, alternative wearable sensor based gait analysis systems 
(including inertial measurement units (IMU) and wearable 
force sensors) have been developed [6–11]. The use of these 
wearable sensors for gait analysis has many advantages, such 
as being inexpensive and applicable for use other than for lab-
oratory applications, and they have been employed in many 
successful studies in the past two decades [13]. Among these 
wearable sensor systems, the wearable ground reaction force 
(GRF) sensor system provides a direct means of determining 
several key gait parameters, including heel strike and toe-off 
gait events, walking cycles, the GRF between the foot and 
floor, and the foot contact center of pressure (CoP).

The GRF sensors are commonly designed with a number 
of miniaturized force sensors fixed on the shoes insoles or 
soles. Various wearable GRF force sensor systems have been 
developed for gait analysis [8–21]. For example, by embed-
ding the different number of force sensors and motion sen-
sors into an insole, several wearable sensors were developed 
to recognize the gait cycle [9], detect the heel-strike and toe-
off as well as estimate the foot orientation and position [10], 
and provide kinetic measurement of gait [11]. There are some 
commercially available products such as a pressure insole 
(F-Scan System) by Tekscan, Inc [12]. However, these insole-
type wearable force sensor systems only measure the vertical 
component of the GRF even though the transverse compo-
nents of GRF (i.e. friction forces), the main factors leading 
to falling [14], are not measured and obtained in this type of 
systems. Aiming at this deficiency, researchers used two tri-
axial force sensors externally mounted beneath the front and 
rear bottoms of a special shoe and developed an instrumented 
shoe for ambulatory CoP and tri-axial GRF measurements 
in successive walking trials [15, 16]. The application of the 
instrumented shoe was to estimate joint moments and powers 
of the ankle in [17]. There is both a patent [20] and a commer-
cial product [21] which utilized two force/torque sensors to 
quantify the GRF. Moreover, we also developed two types of a 
similar instrumented shoe prototyping system and performed 
the basic gait analysis [18, 19]. Because they are all mounted 

under the sole of shoes, the use of these tri-axial force sensors 
changes the contact status between the shoes and ground and, 
thus, affects the walking gait. To overcome this shortcoming, 
a new wearable GRF sensor system, built with several small 
force sensors and mounted above the sole of shoes, is desir-
able for reducing the intrusive influence on the user during 
walking gait.

In this paper, we present the development of a new wearable 
GRF sensor system. The new wearable GRF sensing system is 
comprised of two three-axial force and torque sensors that are 
mounted above the sole of shoes with a thin and light struc-
ture. Using the built-in wireless communication module, this 
sensor system can detect and monitor the main gait parameters 
during ambulatory walking without introducing any intrusive 
effects. As an application, we also present and demonstrate 
the use of this GRF sensor system to quantify gait rehabilita-
tion through multiple subject experiments.

2. Methods and materials

2.1. System description

As shown in figure  1, the developed wearable GRF sensor 
system includes a pair of two three-axial force and torque  
sensors mounted above each shoe sole, two data acquisition 
modules, two sets of Zigbee wireless communication units 
and a computer with the data processing software. Two encap-
sulated three-axial force and torque sensors (M3553D and 
M3554D, Sunrise Instruments, USA) are fixed on the heel 
position and the forefoot position of the shoe sole separately. 
These encapsulated the three-axial force and torque sensors 
have a total height of 14 mm only, and their main parameters 
are shown in table 1. Their measuring accuracy and effective-
ness in the gait analysis have been verified using the reference 
measurements of a motion capture system and three stationary 
force plates (NAC Image Tech., Japan), and reported in [22].

The measurements of the three-axial force and torque 
sensors are obtained and stored by the data acquisition mod-
ules with a microcontroller Atmega32A (3.3 V and 16 MHz).  

Figure 1. (a) The wearable wireless GRF sensor system; (b) Sensor system validation using a reference system.
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In addition, a three-axial MEMS gyroscope and accelerometer 
(MPU-6050, InvenSense, USA) is fixed on data acquisition 
module to obtain the velocity and acceleration information 
of each foot in walking. All of the measurement data is sent 
to a personal computer synchronously by the Zigbee wire-
less communication units. The maximum sampling frequency 
can reach 100 Hz for the whole sensor system. A custom-
ized program was developed in MATLAB (The Mathworks, 
Natick, MA, USA) to analyze gait parameters. The sensors 
and Zigbee wireless communication units are low energy 
consumption and, therefore, this sensor system can achieve 
6 h continuous data collection with an 850 mAh rechargeable  
battery (SCUD, China).

2.2. Gait parameter calculation method

Based on the measured three-axial GRFs and torques from 
the new sensor system, we can analyze the ratios of the stance 
and the swing phases, and describe the step series using time 
interval and calculate the CoP and its boundary area. We here 
describe these calculations briefly.

2.2.1. The coordinate system and the description of step 
series. The GRF measurements are expressed in the coor-
dinate system O-XYZ that is located on the interface between 
the shoe sole and the ground, as shown in figure 2. The origin 
O coincides with the center of the three-axial force and torque 
sensor located at the heel position, which is lying on the 
interface plane with the floor when the heel is on the ground. 
The y-axis is chosen to represent the anterior-posterior direc-
tion on the interface plane contacting with the floor from the 
axis of the heel sensor to the axis of the forefoot sensor. The 
z-axis is vertical upward and the x-axis is chosen such that 
the resulting coordinate system would be right-handed. In the 
coordinate system, the coordinate of the point A is denoted as 
(Px

A, Py
A), which is the intersection of the axis of the forefoot 

sensor and the floor plane. Point B is denoted as the CoP and 
its coordinate is defined as (Px

B, Py
B) in the frame. The raw 

measurements of three-axial force and torque are defined as F 
composed of three components (Fx, Fy, Fz) and M composed of 
three components (Mx, My, Mz) respectively.

Based on the measured GRFs, the coordinates of CoP can be 
calculated in the coordinate system referring to the soft rubber 
plane contacting with the ground as following equations:

= −
+ − ⋅

+
P

M M P F

F F
x
B y

H
y
F

y
A

z
F

z
H

z
F (1)

=
+ + ⋅
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H
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F

x
A

z
F

z
H

z
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where the superscripts H/F stands for the heel and the fore-
foot, respectively. In our application, the mid-stance phase is 
the main area of concern to evaluate our gait rehabilitation 
training device. Therefore, in (1) and (2), the orientation of 
the sensor shoes is aligned with the ground or the global frame 
during the mid-stance phase.

To describe the gait continuously, the successive stance 
phase ( )G t  is introduced and defined. We define ( )G t  as a col-
lection of the three-axial force vector ( )F t  ( ( )F tx , ( )F ty , ( )F tz ),  
a three-axial torque vector ( )M t  ( ( )M tx , ( )M ty , ( )M tz ) and 
CoP’s coordinate function of ( )P t  in both coordinates x and y, 
referring to the coordinate system of the sensor system.

( ) [ ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )]=G t F t F t F t M t M t M t P t P t, , , , , , ,x y z x y z x y (3)

where [ ]∈t t t,on off , and the subscripts ‘on’and ‘off’ states rep-
resent the beginning and the ending of the stance phase of gait, 
respectively.

To analyze all of the successive stance phases ( )G t  in a 
walking trial, two necessary conditions are needed to detect 
the heel-strike and the toe-off events. These conditions can 
be determined using the sum of the vertical force components 
( ( )F tz

F , ( )F tz
H ) obtained from the two three-axial force sensors 

mounted on the shoe. The first condition is to identify the time 
periods when ( ) ( )+F t F tz

F
z
H  are nonzero. We define a binary 

mask that has a value ‘1’ during stance periods and ‘0’ other-
wise. The mask variable ( )W t  can be calculated by defining a 
threshold C of the magnitude signals of ( ) ( )+F t F tz

F
z
H .

( )
( ) ( ) ⩾

⎪

⎪
⎧
⎨
⎩

=
+

W t
F t F t C0,  if 

1,  otherwise

z
F

z
H

 (4)

Table 1. Parameters of the three-axial force and torque sensors.

Sensor parameter M3553D M3554D

Inner diameter (mm) 10 21
Outer diameter (mm) 45 60
Thickness (mm) 9.2 9.2
Mass (kg) 0.06 0.11
Capacity of Fx (N) 600 600
Capacity of Fy (N) 600 600
Capacity of Fz (N) 1000 1000
Capacity of Mx ( ⋅N m) 13.5 20
Capacity of My ( ⋅N m) 13.5 20
Capacity of Mz ( ⋅N m) 13.5 20

Figure 2. The coordinate system on the left shoe.
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Based on the two selection conditions above, the time 
sample matrix ( )G t  of every stance phase in a successive 
walking trial can be defined as ( )G tk  in the period [ ]∈t t t,k k

on off , 
where the resulting mask ( )W t  has a value equal to 1 and the 
superscript k indicates the number of step in a trial. These time 
interval are used to analyze walking gait.

( ) [ ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )]=G t F t F t F t M t M t M t P t P t, , , , , , ,k
x
k

y
k

z
k

x
k

y
k

z
k

x
k

y
k

 (5)

2.2.2. The ratios of the stance and the swing phases. Accord-
ing to the value of mask variable ( )W t , we can calculate the 
ratios of the stance phase and the swing phase in a successive 
walking trial. When the value of mask variable ( )W t  change to 
1 from 0, it means that the foot heel touches on the ground and 
the stance phase begins. On the other hand, when the value 
of mask variable ( )W t  changes to 0 from 1, it implies that the 
foot toe leaves off the ground and the stance phase ends. As 
a result, the time duration ratio of the stance phase and the 
swing phase of the k-th step can be calculated by the follow-
ing equations.

= −+t t tk k k
gait on

1
on (6)

= −t t tk k k
stance on off (7)

= −t t tk k k
swing gait stance (8)

=R
t

t
k

k

kstance
stance

gait
 (9)

= −R R1k k
swing stance (10)

where tk
gait, t

k
stance, and tk

swing denote the total gait cycle dura-
tion, duration of stance phase, duration of swing phase of the 
k-th step, respectively. Variables Rk

stance and Rk
swing denote the 

ratio of the stance phase and the swing phase in the k-th step, 
respectively.

2.2.3. The boundary area of CoP distribution. Medio-lateral 
motion in the frontal plane requires active stabilization by 
the central nervous system (CNS) [23, 24]. The CNS actively 
stabilizes frontal plane motion by predicting future centre of 
mass (COM) position and altering foot placement to preserve 
a sufficient medio-lateral stability [25]. CoP area can serve as 
a surrogate measurement for foot placement variability, and 
therefore we propose a CoP area method to quantify lateral 
stabilization in human walking. The area of the CoP distri-
bution (ACoP) can be obtained from the CoP envelope curves 
that are estimated in each step during successive walking.  
In general, the small value of the boundary area implies that 
the CoP curve in each step is very similar and its variation 
is small among walking steps. Therefore, the value of ACoP 
reflects the balance degree of the gait and serves as a reference 
index in the quantitative analysis of gait rehabilitation. Before 
using the ACoP on the foot-plate as one of the parameters to 
detect and evaluate the patients’ lower limb rehabilitation, we 

have to find the method to calculate its value. Two envelope 
curves including medial boundary function ECMedial: (xM, 
yM) and lateral boundary function ECLateral: (xL, yL) are deter-
mined using CoP data in ( )G tk , while [ ]∈x x x,M

posterior anterior  
and [ ]∈x x x,L

posterior anterior  and xposterior and xanterior are defined 
as the limitation values of x in the two functions, respec-
tively. As the 2D coordinates of CoP are captured in a spatio- 
temporal form, we must reconstruct CoP trajectories for each 
step using a spline function to estimate all the CoP functions 
referring to X-axial coordinates. The functions of the two enve-
lope curves in the defined coordinate system can be obtained 
by extracting the boundary value for all the CoP functions. 
Based on the results obtained from the CoP envelope curves 
we can calculate the ACoP across the foot-plate as follows:

∫ ∫=A x yd d

x

x

y

y

CoP
M

L

posterior

anterior

 (11)

2.2.4. The ratio of the pressure on the foot and weight The 
pressure on the heel and the forefoot in walking is clinically 
useful because it can be used to identify anatomical foot 
deformities, guide the diagnosis and treatment of gait disor-
ders and falls, and also lead to strategies for preventing pres-
sure ulcers in diabetes [26]. In gait rehabilitation, we analyze 
the pressure on the heel and the forefoot to distinguish the gait 
of normal subject from that of the patients with lower limb 
disorders. According to the detected force vector ( )F t  from 
the GRF sensor system, and considering the difference of each 
subjects, we can calculate the ratio of the pressure on the heel 
to the weight of the subject and the ratio of the pressure on 
the forefoot to the weight of the subject, named as RH and RF 
separately, by the following equations.

= −R F G/H
z
H

m (12)

= −R F G/F
z
F

m (13)

where variable Gm represents the weight of the subject and 
variables Fz

H and Fz
F represents the component in Z-axis of 

three-axial force on the heel and on the forefoot respectively.

3. Experiment method

3.1. Verification experiment on sensor system

Four male volunteers (age: 21 to 30 years old, weight: 50.5 
to 76.3 kg, and height:166 to 173 cm) were recruited in this 
experiment. All the subjects had no history of lower limbs or 
neurological injuries. Subjects were briefly introduced the 
procedure and methodology of the experiment before walking 
experiment. As shown in figure 3, the reference measurement 
system is composed of a stationary force plate and an optical 
motion analysis with eight cameras to validate the measure 
results of the wearable sensor system. The four male subjects 
were asked to wear the wearable gait analysis system to walk 
through the force plate at preferred speed, so that both sys-
tems would capture the GRFs simultaneously by turning on a 
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synchronization trigger at the beginning. The x-axis positive 
direction is to the right of the body, the y-axis positive direc-
tion is aligned with the anterior direction of human motion, 
and the z-axis positive direction is vertical and upward. As 
for the wearable sensor system, all the sensors were placed 
horizontally in its initial position and cleared to zero before 
wearing them.Subjects were then allowed to wear the wear-
able sensor system and stood still. Before the verification 

experiment, all subjects spent some time tgetting familiar with 
the walking rehabilitation training robot.

3.2. Gait experiment

Seven volunteers (five males and two females, age between 
23 to 50 years old, weight between 44.5 to 76.3 kg, and height 
between 158 to 176 cm.) were recruited in this experiment. 

Figure 3. The reference measurement system to validate the measured results of the wearable sensor system.

Figure 4. The gait rehabilitation training device and its application in our experiment.

Meas. Sci. Technol. 27 (2016) 025701
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All the subjects had no history of lower limbs or neurological 
injuries. Subjects were briefed regarding the procedure and 
methodology of the experiment before obtaining their written 
consent using a protocol approved by the Institutional Review 
Board at Zhejiang University. However, the subjects were not 
informed in detail about the purpose of this study so as to 
avoid any bias or influence on the parameters recorded.

The first set of trials is to evaluate the subjects’ normal 
walking without the assistance of the rehabilitation training 
device. Subjects were asked to walk at three different speeds 
including preferred walking speed, slow, and fast walking speed.

In the second set of trials, we use our GRF sensor system to 
evaluate gaits during the gait rehabilitation process with a reha-
bilitation training device (shown in figure 4). By comparing the 
obtained parameters of normal gait and the lower limb disorder 
gait, we want to verify our hypothesis that the wearable wire-
less GRF sensor system can be used to quantify patients’ lower-
limbs gait rehabilitation. Here, a post-op knee brace (Ober, 
China) that can restrict the movement of knee joint is used to 
induce the healthy subjects’ abnormal gait similar to the gait 
of lower limbs patients’ gait. Using the knee brace device for 
emulating abnormal gaits has been utilized and reported in other 
human movement and clinic studies [27, 28]. The subjects with 
the knee brace on their right knee were requested to walk with 
the rehabilitation training device. After the brace with a max-
imum adjusted activity angle of �20  was securely strapped on the 
subject’s right leg, the subject were requested to walk for at least 

ten minutes to ensure themselves feeling fit about the device. 
Thereafter, the subjects wearing the knee brace were instructed 
to walk with the rehabilitation training device at two speeds of 
0.4 m s−1 and 0.6 m s−1. All subjects had a six minutes rest 
before moving on to the next trial to reduce the effect of fatigue.

As shown in figure 4, the rehabilitation training device used 
in this experiment was developed by our group and can be 
divided into three main parts: the upper platform, height adjust-
ment mechanism and mobile chassis. The upper platform can 
provide partial body weight support and can reduce the pressure 
of lower limbs by a harness that is necessary for gait rehabilita-
tion. The height adjustment mechanism can be used to adjust 
the height according to different body height of the subjects. 
The chassis can move forwards and backwards and can turn 
around freely to meet the requirements of the experiment.

This experiment protocol is composed of two sets of trials 
for each subject who repeatedly walked for three times at each 
speed. In each experiment, the subject was required to walk 
along a straight line. During each walking trial, data was col-
lected continuously for 20 s at a frequency of 50 Hz.

4. Experiment results

4.1. Verification experiment of the wearable sensor system

As shown in figure 5, the comparison of the measured triaxial  
GRFs by the wearable sensor system and the reference system 

Figure 5. Representative comparison results of the tri-axial GRF measured by the wearable sensor system (solid line) and referenced 
sensor system (dashed line) during a walking trial.

Figure 6. Center of pressure (CoP) measured by the wearable sensor system (solid line) and reference sensor system (dashed line) referred 
to a global coordinate system during a representative walking trial.

Meas. Sci. Technol. 27 (2016) 025701
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was shown in a representative walking trial. The measurements 
of the wearable sensor were consistent with the reference 
device. The average of root mean square (RMS) difference 
and standard deviation of Fx, Fy and Fz of the GRFs over all 
the subjects was 3.84 ± 3.85N, 14.79 ± 10.61N, and 19.22 ± 
12.43N respectively, corresponding to 5.6 ± 5.6% and 21.4 ± 
15.2% of the maximum of each transverse component and to 
3.4 ± 2.2% of the maximum vertical component of GRF. The 
comparison results of CoP trajectories are given in figure 6. 

The RMS distance between both CoP measurements was 3.38 
± 2.31 mm, corresponding to 1.3 ± 0.9% of the length of the 
shoe.

4.2. Gait experiment without the rehabilitation training device

The forces and torques measured by the developed wire-
less GRF sensor systems of subject A (age 39, weight 70 kg) 
were shown in figures 7(a)–(h) for the 20 s walking without 

Figure 7. The measured tri-axial GRFs and torques of subject A during 20 s walking without the rehabilitation training device (x-axis: 
Dash-dotted. y-axis: Dotted. z-axis: Solid). (a) Triaxial forces of left foot, (b) triaxial moments of left foot, (c) triaxial forces of left foot, (d) 
triaxial moments of left foot, (e) triaxial forces of right foot, (f ) triaxial moments of right foot, (g) triaxial forces of right foot, (h) triaxial 
moments of right foot.

Figure 8. The total GRFs (x-axis: Dash-dotted. y-axis: Dotted. z-axis: Solid) and CoP trajectories of subject A in 20 s successive walking. 
(a) Total forces of left foot, (b) total forces of right foot, (c) the CoP trajectories of left foot, (d) the CoP trajectories of right foot.

Meas. Sci. Technol. 27 (2016) 025701
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the rehabilitation training device. The three-axial GRF and 
torques at the position of heel and forefoot can be detected by 
the four three-axial force and torque sensors continuously in a 
series of walking gait. The consistency of these measurements 
during all the walking steps is good. The total ground reaction 
force of each foot was calculated as shown in figures 8(a) and 
(b). These force plots reflect the interlaced walking of the left 
foot and the right foot. As shown in figures 8(c) and (d), the 
CoP trajectories of each step of the left/right foot, calculated 
by equations (1) and (2), were similar and exhibited the same 
trend. These results validate our wearable GRF sensor system 
in quantifying the normal gait.

The ratios of the stance phase and the swing phase in all the 
subjects’ gait experiment were calculated as shown in table 2. 
In order to identify boundary points that can be used to qualify 
as the heel-strike and the toe-off moment, a threshold value-
100N of was chosen here and the average ratios of the stance 
phase and the swing phase were obtained in continuous gait 
series. The subjects’ average ratios of the stance phase were 
distributed in the region from 63.9% to 70.4% and were close 
to the regular gait values reported in other research studies 
[28, 29].

4.3. Gait experiment with the rehabilitation training device

The ratios of the stance of all seven subjects without the brace 
in a 20 s walking using the rehabilitation training device are 
shown in figures 9(a) and (b). By controlling the speeds of the 
rehabilitation training device, the subjects walked at the speed 
of 0.4 m s−1 in these experiments. For comparison, the ratios 
of the stance of all seven subjects with a brace on his/her right 
knee are plotted in figures 10(a) and (b). The subjects in this 
case use the rehabilitation training device walking at the speed 
of 0.4 m s−1. From the results shown in figures 9 and 10, we 
can see that the stance phase varies slightly in a successive 
walking and this fluctuation is consistent with the actual situ-
ation in our daily life. In order to further compare and quan-
tify the experimental result of figures 9 and 10, the statistical 
analysis of Rstance and Rswing of all seven subjects under two 
walking speeds is summarized in table 3. From table 3, we can 
see that the average Rstance of the right foot and the left foot are 
almost identical when the subjects walk without brace, while 
the average Rstance of the right foot with a brace on the knee is 
smaller than that of the left foot. In other word, the leg with a 
restricted knee or the leg of the lower limb patient should have 
a smaller Rstance value in the gait rehabilitation, and therefore, 
our sensor system can be utilized to evaluate the rehabilitation 
effect during the gait rehabilitation.

Furthermore, it is useful to compare the CoP enve-
lope curves and the CoP trajectories of subject A with and 
without a brace on the right knee in the successive walking 

Table 2. The subjects’ ratios of stance phase and swing phase with 
the rehabilitation training device.

Subject Limbs Stance (%) Swing (%)

A (age 39, weight 70 kg) Left 65.59 34.41
Right 65.40 34.60

B (age 26, weight 76.3 kg) Left 64.11 35.89
Right 66.00 34.00

C (age 30, weight 44.5 kg) Left 67.21 32.79
Right 64.73 35.27

D (age 23, weight 59.8 kg) Left 66.27 33.73
Right 66.77 33.23

E (age 25, weight 65.6 kg) Left 65.25 34.75
Right 64.10 35.90

F (age 47, weight 51.2 kg) Left 65.66 34.34
Right 63.91 36.09

G (age 50, weight 63.3 kg) Left 68.50 31.50
Right 70.40 29.60

Figure 9. The Rstance values of seven subjects without brace on their right knees at the speed of 0.4 m s−1. (a) Without brace on his left 
knee, (b) without brace on his right knee.

Table 3. Statistical Rstance and Rswing in the condition of 
unrestrained knee and restrained knee in two speeds.

Condition Speed (m s−1) limb Rstance (%) Rswing (%)

Without 
brace

0.4 Left 63.95(±5.03) 36.05(±5.03)
Right 63.59(±6.05) 36.41(±6.05)

0.6 Left 63.21(±4.48) 36.79(±4.48)
Right 63.96(±7.21) 36.04(±7.21)

With a brace 
on right knee

0.4 Left 63.46(±4.96) 36.54(±4.96)
Right 61.45(±4.91) 38.55(±4.91)

0.6 Left 65.29(±5.45) 34.71(±5.45)
Right 60.86(±5.57) 39.14(±5.57)
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at the speed of 0.4 m s−1. Figure  11 shows the CoP enve-
lopes and the trajectories without the brace on the right knee 
and figure 12 shows the results with the brace. The green and 
red lines respectively refer to the right and the left boundary 
envelope curves of CoP in each foot. The results of this com-
parison show that the distribution area of the trajectories of 
CoP with a brace on the right knee is smaller than that without 
a brace. The main reason for this is that the right knee-joint 

brace restricts the range of motion of the right knee and leads 
to the less variation of the CoP trajectories. As a result, the 
spreading area of the trajectories of the CoP also can serve as 
an indicator to reflect the recovery degree in gait rehabilita-
tion. In addition, when walking with a brace on the right knee, 
ACoP of the left leg without wearing the brace is also smaller 
than that without wearing the brace. This observation can be 
explained by the fact that the right leg’s restriction leads to the 

Figure 10. The Rstance values of seven subjects with a brace on their right knees at the speed of 0.4 m s−1. (a) Without brace on his left 
knee, (b) without brace on his right knee.

Figure 11. The CoP envelope curves and CoP trajectories of subject A without brace on the right knee in the successive walking at the 
speed of 0.4 m s−1. (a) The CoP trajectories of left foot, (b) the CoP trajectories of right foot.

Figure 12. The CoP envelope curves and CoP trajectories of subject A with a brace on the right knee in the successive walking at the speed 
of 0.4 m s−1. (a) The CoP trajectories of left foot, (b) the CoP trajectories of right foot.
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declination of the motion range of the left leg. This result, and 
the validation of the GRF sensor system to detect the change 
of ACoP , are further supported by the statistics of ACoP relating 
to all seven subjects as listed in table 4.

In addition, the ratio of the pressure on the foot and weight 
of subject A with and without wearing the brace on the right 
knee during the rehabilitation training are shown in figures 13 
and 14. In these experiments, the subject walked at a speed of 
0.4 m s−1 and the forces were obtained from the measured ver-
tical component of GRF. From these two figures, we see that 
the maximum ratio of the pressure on the heel of the left foot 
is larger than that on the forefoot of the left foot. Moreover, 
the phase of the former leads the latter in each walking cycle. 
By comparing the vertical component of GRF for the subject 
walking with and without wearing the brace on the right knee, 
we also see that the measured vertical component of GRFs 
decreases uncommonly with the brace. This is consistent with 
the convention that the lower-limb patient tends to reduce 
the exerting force of the defective leg when the patient has a 
restricted joint or an injured leg. These experimental results 
demonstrate that the ratio of the pressure on the foot from the 
GRF sensor system can be used to distinguish the normal leg 
and the defective leg in gait rehabilitation.

5. Discussion

The experimental results indicate that the developed GRF 
sensor system can be used to determine the three-axial GRF 
and torque in successive human walking steps. Moreover, 
the force and the gait cycle patterns in the experiments are 
highly consistent with the results reported in literature. These 
results have demonstrated and validated the effectiveness of 
the sensor system, which can be widely used for gait detection 
in our daily living activities in indoor or outdoor environment.

The GRF sensors developed by Veltink et al [15], Liu  
et al [19], Lind [20], and Tec Gihan CO., Ltd [21] are located 
underneath the sole of the shoes. The two three-axial force 
and torque sensors of the presented GRF sensor systems in 
this paper are installed and located above the sole of the shoes. 
This arrangement of the sensors cannot only detect the inter-
action force between the foot and the ground during walking, 
but can also ensure the normal walking by eliminating the 
negative effects of an external force plate outside the shoe. 
The overall dimension of the proposed sensor shoe is smaller 
than those in previous literature and therefore the user can 
walk with the sensor shoe comfortably. The root mean square 
(rms) difference of the GRF and CoP over 12 gait trials using 
the sensor shoes (height: 15.7 mm,) of Veltink [15] was 15 
± 2N and 2.9 ± 0.4 mm, and our sensor system got almost 
the same accuracy in the measurements of the GRF (19.22 
± 12.43N) and CoP (3.38 ± 2.31 mm). However, the sensor 
shoes of Veltink were composed of the 6-axis force sensors 
(height: 15.7 mm) and the additional connection plates, which 
is difficult to be applied to the different size feet and subjects’ 
daily used shoes.

In order to quantify human gait, different force thresh-
olds have been used to decide the start and end of the stance 
phase which affect the estimated duration of stance phase. For 
example, a force threshold (20N) in the vertical component 
of the ground reaction force was used to separate the stance 
phase [28], and Veltink selected a threshold of 40N for the 

Table 4. The statistics of ACoP values under the condition of 
unrestrained and restrained knee in two speeds.

Condition
Speed 
(m s−1) Limb

ACoP 
( )× mm103 2

Without brace 0.4 Left 1.107 (±0.531)
Right 0.971 (±0.378)

0.6 Left 1.095 (±0.539)
Right 0.888 (±0.442)

With a brace on right knee 0.4 Left 0.708 (±0.432)
Right 0.590 (±0.304)

0.6 Left 1.05 (±0.441)
Right 0.716 (±0.457)

Figure 13. The ratio of the pressure on the foot (on the heel and on the forefoot respectively) and body weight of the subject A without 
brace during the rehabilitation training at the speed of 0.4 m s−1. (RH: Dash-dotted; RF: Solid). (a) The left foot, (b) The right foot.
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sensor shoes in CoP measurements [15]. The soft contact 
between the force sensors and the shoe sole in the propose 
new system, leads to a slightly sharper force curve during the 
beginning of stance phase as shown in figure 7. In addition, 
the signals of the force sensors were filtered by a low-pass 
filter with a cut-off frequency of 5 Hz, which may have some 
influence on the force curve of stance phase. As a result, we 
chose a bigger threshold value of 100N to determine the stance 
phase. As shown in table 2, by using this threshold the average  
percentage of the stance phase over an entire gait cycle for all 
the subjects was 65.99% and was close to the values reported 
in other research studies for healthy subjects [29, 30].

The developed GRF sensor systems are designed for prac-
tical use to evaluate the rehabilitation training device to help the 
lower limb patients to regain walking ability [31–33]. The GRF 
sensor system can be applied to quantify the progress of gait 
rehabilitation and to analyze the gait characteristics during reha-
bilitation training. In this paper, using the new wearable sensor 
system, we determined the gait parameters of the seven subjects 
in different walking conditions and speeds as well as the use 
of the rehabilitation training device. The differences of the gait 
parameters such as gait cycle, CoP, and the distribution area of 
CoP, are determined by the GRF measurements. The experiment 
protocol in this study provides a new portable method to quan-
tify the improvement in the rehabilitation training course.

6. Conclusions

A wearable GRF sensor system was developed to measure 
the real-time three-axial foot-ground interaction forces and 
torques during human walking gait. In order to verify the effec-
tiveness of the system and its application in quantifying gait 
rehabilitation, we implemented and demonstrated this through 
extensive human subject experiments. Seven human subjects 
were required to walk with and without the assistance of the 

rehabilitation training device under the designed experimental 
protocol using the GRF sensor system. The experiment results 
supported our hypothesis that the GRF sensor system can be 
used to quantify patients’ lower limbs rehabilitation. The pro-
posed GRF sensor system can also be used for assessing the 
effectiveness of a gait rehabilitation system, and providing 
real time feedback to the subject.

As far as future research is concerned, experiments on more 
diverse subjects and walking conditions will have to be con-
ducted to fully support clinical applications of the developed 
GRF sensor system. Further study and analysis of the quanti-
tative evaluation to improve the rehabilitation training course 
with the sensor system is another ongoing research direction.
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