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Background: Previous studies have shown that the gait of patients with type-2 diabetes 
mellitus is abnormal compared with the healthy group. Currently, a three-dimensional motion 
analyzer system is commonly used for gait analysis. However, it is challenging to collect data 
and use in clinical study due to extensive experimental conditions and high price. In this 
study, we used a wearable gait analysis system (Gaitboter) to investigate the spatial and 
temporal parameters, and kinematic data of gait in diabetic patients, especially those with 
peripheral neuropathy. The aim of the study is to evaluate the wearable gait analysis system 
in diabetic study.
Materials and Methods: We conducted a case–control study to analyze the gait of type 2 
diabetes mellitus. Gaitboter was used to detect and collect gait data in the ward of Beijing 
Chao-yang Hospital, Capital Medical University from June 2018 to October 2018. We 
collected the gait data of participants (N= 146; 73 patients with type 2 diabetes, 16 with 
peripheral neuropathy and 57 without peripheral neuropathy, and 73 matched controls). The 
gait data (stance phase, swing phase, double-foot stance phase, single-foot stance phase, 
walking cadence, stride length, walking speed, off-ground angle, landing angle, maximum 
swing angle, minimum swing angle, and foot progression angle) in diabetic patients were 
recorded and compared with controls. SPSS 22.0 statistical software was used to analyzed 
the gait parameter data.
Results: We found that the landing angle and the maximum swing angle of diabetes patients 
with or without peripheral neuropathy were significantly less than those of the control group 
(P < 0.05). The walking speed of diabetes patients with peripheral neuropathy is significantly 
less than those of the control group (P < 0.05).
Conclusion: This study confirms that the wearable gait analysis system (Gaitboter) is an 
ideal system to identify abnormal gait in patients with type 2 diabetes and provides a new 
device and method for diabetes-related gait research.
Keywords: gaitboter, gait analysis, diabetes mellitus, peripheral neuropathy, swing phase

Introduction
Diabetic peripheral neuropathy (DPN) is asymmetrical, length-dependent sensorimo-
tor polyneuropathy related to metabolic and microvessel changes due to hyperglyce-
mia and, consequently, cardiovascular risk.1 The onset of additional diabetic 
microvascular complications in the person confirms that DPN is due to diabetes. 
The incidence of DPN in diabetes may be as high as 50% based on age and extent 
of diabetes,2 and symptomatic painful DPN can affect up to 30% of diabetic patients 
with neuropathy3. Generally, DPN signs could be either positive (aching, swelling, 
acute or pressure pain) or negative (a numbness or a dead feeling) or both at the same 
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time.4 Since DPN affects the visual, motor and autonomic 
components of the nervous system, which manifests itself as 
a lack of protective sensation, intestinal foot muscle dys-
function may contribute to the alteration of the gait.5 

Previous studies have shown that the gait of patients with 
type-2 diabetes mellitus, especially those with peripheral 
neuropathy is abnormal compared with healthy 
individuals.2,6 Furthermore, studies also confirmed that dia-
betic patients have abnormal gait before the onset of feet 
sensory impairment.6–8 Currently, the commonly used three- 
dimensional motion analyzer system for gait analysis can 
only describe the gait under laboratory conditions. It usually 
requires a combination of multi-camera motion capture sys-
tem and force platforms.3 It is challenging to collect data and 
use in clinical study due to extensive experimental condi-
tions and high price. In addition, employing force platforms 
or film–pressure sensors’ console for gait analysis cannot 
appropriately study the swing phase.9 The new wearable 
measurement method mainly relies on inertial sensors that 
can combine accelerometer and gyroscope.10 The corre-
sponding positions’ motion information can be obtained by 
mounting the above sensors in the key parts of lower limbs. 
However, this method has several challenges.11 Therefore, 
in the study, we used the portable and wearable gait analysis 
system (Gaitboter) developed by the Institute of Computing 
Technology, Chinese Academy of Sciences to analyze the 
gait of diabetic patients.12–14 The Gaitboter is simple to 
operate, and the results are accurate.14 A previous study 
has confirmed that it has better sensitivity and stability for 
the evaluation of walking ability.15 This study used the 
portable and wearable gait analysis system (Gaitboter) to 
analyze the gait of type 2 diabetic patients for the first time, 
and explore the application value of wearable gait system in 
diabetic diseases.

Materials and Methods
Study Design
We conducted a case-control study to analyze the gait of 
type 2 diabetes mellitus. Gaitboter, a portable and wear-
able gait analysis system developed by Institute of 
Computing Technology, Chinese Academy of Sciences, 
was used to detect and collect gait data in the ward of 
Beijing Chao–yang Hospital, Capital Medical University.

Protocol/Data Collection
All participants were asked to wear the suitable size device, 
walk for 10 m at an optional speed in comfortable condition 

on a straight road without obstacles. From June 2018 to 
October 2018, we collected the gait data of 16 diabetic 
patients with peripheral neuropathy (DPP) [mean age 60.5 
(56–67) years, mean body mass index (BMI) 26.96 
(24.26–28.58) kg/m2, and meantime since diabetes diagnosis 
15.96±7.57 years] and 57 diabetic patients without peripheral 
neuropathy (DNP) [mean age 57 (48–65) years, mean body 
mass index (BMI) 25.46 (23.51–27.57) kg/m2, and time 
since diabetes diagnosis 9.97±6.73 years] hospitalized in 
Beijing Chao–yang Hospital. Although research has not 
firmly established causal relationships for gait changes in 
patients with diabetes, peripheral neuropathy remains suspect 
number one.16 Therefore, in the current study, we evaluate 
the gait data of diabetic patients with or without peripheral 
neuropathy. We also collected the gait data of healthy indi-
viduals without diabetes [mean age 53 (44–62) years, mean 
body mass index (BMI) 24.24 (23.15–26.46) kg/m2], who 
were inhabitants of Beijing recruited sequentially into the 
study, from June 2018 to October 2018 and serve as the 
control group (CG). The subjects in the three groups (DPP, 
DNP, and CG) were matched in sex ratio, height and body 
mass index (BMI) to avoid selection bias as far as possible. 
Meanwhile, the subjects’ height, weight, and time since 
diabetes diagnosis were collected. Blood samples of diabetic 
mellitus patients were collected for glycated hemoglobin 
(HbA1c), glycated albumin (GA).

Inclusion and Exclusion Criteria
The study includes patients diagnosed with type 2 diabetes 
and met the diagnostic criteria issued by the World Health 
Organization (WHO) in 1999.17 Peripheral neuropathy 
was confirmed by the Michigan Neuropathy Screening 
Instrument (MNSI) scale.18 MNSI scale includes 
a questionnaire and bipedal physical examination. In this 
study, the diagnostic cut-off point of MNSI was that the 
questionnaire score is 4 and the physical examination 
score is 2.18 Patients were excluded from the study who 
were unable to walk independently, lower limb amputation 
(toe) history, obvious foot deformity, lower limb ulcer, 
brain injury history, poor vision affecting walking, various 
spinal diseases, patients with severe liver and kidney 
insufficiency, pregnancy and diabetes acute complications.

Ethical Approval
The study was approved by the institutional review board 
of Beijing Chao-yang Hospital, Beijing China, and was 
conducted in accordance with the Declaration of Helsinki. 
All participants have signed informed consent forms. The 
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study protocol was submitted and approved by the 
Research Ethics Committee of the Beijing Chao-Yang 
Hospital (the number is 2018-sci-153). Institutional 
Review Board reference date is 2018-6-11.

Methods and Equipment
We used a Gaitboter, a portable and wearable gait analysis 
system developed by the Institute of Computing 
Technology, Chinese Academy of Sciences. The system 
consists of a gait acquisition device and a tablet computer, 
as shown in Figure 1. The device is a wearable gait 
acquisition device (shoes) that integrates multimodal data 
collection sensors, such as film pressure, microphone, 
accelerometer and gyroscope sensors.

This algorithm is just for the handling of collected gait 
raw data by the tablet computer, and for actual use of the 
system, the algorithm was implemented by the application 
which can install into the tablet computer with operation 
system. Therefore, the algorithm input data are obtained 
from the presented prototype device, and the gait analysis 
software includes the corresponding gait raw data handling 
algorithm. Gaitboter system has been validated against the 
three-dimensional motion analyzer system by former 
researches that achieved high consistency and stability.10,14.

Experiment Site
The experiment was conducted in the ward of Beijing 
Chao-yang Hospital, Capital Medical University. The test 
area was well lit, and the ground was flat without any 
obstacle.

Gait Measurement
The person who does the test was a specially trained physi-
cian with clinical experience. After obtaining informed con-
sent, demographic data of gender, age, height, weight, shoe 
size, time since diabetes diagnosis. All participants were 
asked to wear the suitable size device (Figure 2) and walk 

for 10–m at an optimal speed in a comfortable condition in 
a straight corridor free from obstacles. While walking, the 
tablet computer carried by the tester can synchronously 
receive walking data from the wearable devices through 
wireless Bluetooth connection. When the participant finished 
one time’s test, his/her gait parameters will be computed 
automatically and shown on the tablet computer screen. 
Further methodology on how gait parameters were derived 
has been previously extensively described.12–14 The above 
three groups’ gait parameters were analyzed statistically to 
evaluate the characteristics of gait parameters of diabetic 
patients. Meanwhile, the value of wearable gait analyzer in 
clinical research of diabetes mellitus was discussed.

Observation Indicators
In this part, several gait parameters were defined as the 
observation indicators (Table 1). Before giving the defini-
tion, the gait cycle should be explained at first. Gait cycle 
is defined as the time period during walking in which one- 
foot heel touches the ground when the same foot heel 
again touches the ground.

Figure 1 Picture of the system (gait acquisition device + tablet computer).

Figure 2 Pictures of wearing equipment for testing.
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Statistical Analysis
SPSS 22.0 software was used for statistical analysis. 
Differences of the time since diabetes diagnosis, HbA1C, 
GA between diabetic patients with peripheral neuropathy 
and without peripheral neuropathy were tested by indepen-
dent samples t-test. The mean values of three groups’ raw 
data and gait parameters were compared using One-way 
ANOVA, with post-hoc comparisons where significant 
main effects are found. Gender was compared by chi- 
square testing. A P-value <0.05 was considered 
as statistically significant difference.

Results
Clinical Data Analysis
The clinical data of the experimental subjects were ana-
lyzed, and the results are shown in Table 2 and Figure 3. 
There is no statistical difference in sex ratio, height, age, 
and BMI between the three groups (P > 0.05). Diabetic 
patients with peripheral neuropathy have longer time since 
diabetes diagnosis than diabetic patients without peripheral 
neuropathy (P < 0.05). There is no statistical difference in 
HbA1C, and GA between the DPP group and the DNP 
group (P > 0.05).

Gait Parameter Analysis
As shown in Table 3 and Figures 4–6, the landing angle 
and the maximum swing angle of diabetes patients with 
or without peripheral neuropathy are significantly less 

Table 1 Various Observation Indicators with Their Units and Definitions

S/ 
No

Indicators Units Definition

1 Stance phase s It is the time period during walking in which one-foot heel touch the ground to the time when the 

same foot toe is off the ground

2 Swing phase s It is the time period during walking in which one-foot toe is off the ground to the time when the 

same foot heel contacts the ground

3 Double-foot stance phase s It is the time period when both feet are in contact with the ground during one gait cycle.

4 Single-foot stance phase s It is the time period when one foot is in contact with the ground during one gait cycle.

5 Walking cadence Steps/min It is step number per minute.

6 Stride length m It is defined as the distance between any two successive points of heel contact of the same foot.

7 Walking speed m/s It is the speed of walking.

8 Off-ground angle ° It is the angle between the foot and the ground when the tip of the foot is off the ground.

9 Landing angle ° It is the angle between the foot and the ground when the heel touches the ground.

10 Maximum swing angle ° It is the maximum angle in one gait cycle between the foot and the ground when the tip of the 

foot towards up.

11 Minimum swing angle ° It is the maximum angle in one gait cycle between the foot and the ground when the tip of the 

foot towards down. It is negative due to direction.

12 Foot progression angle ° It is the angle between the long axis of the foot and the direction of the step.

Table 2 Comparison of Clinical Data in Three Groups

Item DPP 

Group 

(n=16)

DNP 

Group 

(n=57)

CG Group 

(n=73)

P-value

Female/Male 9/7 32/25 38/35 0.883

Age (years) 58.88±7.90 55.07±11.43 52.23±12.43 0.088

Height (m) 1.66±0.07 1.68±0.08 1.66±0.08 0.641

BMI (kg/m2) 26.81±3.79 25.46±3.82 25.18±3.34 0.191

time since 

diabetes diagnosis 

(y)

15.96±7.57 9.97±6.93 0.004*

HbA1C (%) 9.21±2.14 9.64±2.10 0.474

GA(%) 25.96±8.12 25.99±7.72 0.987

Notes: “*” of P is less than 0.05. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic 
patients without peripheral neuropathy; CG, control group; BMI, body mass index; 
HbA1c, glycated hemoglobin; GA, glycated albumin.
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than those of the control group (P < 0.05). There are no 
statistical differences in the landing angle and the max-
imum swing angle between diabetes patients with and 
without peripheral neuropathy (P >0.05). The walking 
speed of diabetes patients with peripheral neuropathy is 
significantly less than those of the control group (P < 
0.05). The walking speed of diabetes patients without 
peripheral neuropathy tends to decrease compared with 
the control group, but it did not show any statistical 
significance. There are no statistical differences in the 
walking speed between diabetes patients with and with-
out peripheral neuropathy (P >0.05). There are no sta-
tistical differences in swing phase, double-foot stance 
phase, single-foot stance phase, stance phase, walking 
cadence, off–ground angle, minimum swing angle and 
foot progression angle between three groups (P < 0.05). 
The stride length of the diabetes group is tending to 
decrease compared with the control group, but it did not 
show any statistical significance. The foot progression 
angle of the diabetes group is tending to increase com-
pared with the control group, but it did not show any 
statistical significance.

Discussion
Previous studies reported that diabetic patients have an 
abnormal gait.6 Those with diabetic neuropathy are at 
a far higher risk of slipping than those with normal 
sensation.19 The fact that most falls occur throughout 
locomotion20 indicates that these patients may have trou-
ble maintaining dynamic equilibrium while walking. 
Current studies mainly focus on the mechanism of diabetic 
foot ulcer development and the increasing risk of falling 
due to abnormal gait in patients with diabetes 
mellitus.21–23 These adverse effects have a serious impact 
on the quality of life and life expectancy of diabetic 
patients. According to the use of different gait detection 
instruments, previous researchers have studied the gait of 
diabetic patients from various perspectives, and the focus 
of their research is different.24,25 Most of the studies used 
force measuring board to study the plantar pressure of 
patients during walking, but the description of gait in the 
swing phase is insufficient.9,26 The three-dimensional gait 
analyzer describes the spatial and temporal parameters of 
gait more carefully and accurately; however, it is difficult 
to apply in the clinic due to its large size, high cost and 

Figure 3 Mean of time since diabetes diagnosis (y) in different groups. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic patients without peripheral neuropathy.
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complex mode of operation. Therefore, the gait analysis 
instruments applied in clinics on diabetes patients and 
scientific research are crucial. The portable and wearable 
gait analysis system (Gaitboter) developed by the Institute 

of Computing Technology, Chinese Academy of Sciences, 
is cheap, easy to operate and has low laboratory 
requirements.12,13 These characteristics of Gaitboter can 
meet the clinical requirements. Moreover, the method 

Table 3 Comparison of Gait Parameters in Three Groups

Item DPP Group (n=16) DNP Group (n=57) CG Group (n=73) P1 P2 P3

Stride length (m) 1.26±0.19 1.30 ±0.14 1.34±0.11 0.076 0.228 0.511
Double-foot stance phase (s) 0.14±0.03 0.14±0.03 0.13±0.03 0.226 0.221 0.834

Stance phase (s) 0.70±0.06 0.69±0.03 0.68±0.07 0.285 0.344 0.816

Swing phase (s) 0.41±0.02 0.41±0.03 0.40±0.04 0.796 0.693 0.992
Single-foot stance phase (s) 0.41±0.02 0.41±0.03 0.40±0.04 0.812 0.720 0.992

Walking cadence (spm) 118.93±6.61 110.71±9.11 113.03±9.80 0.246 0.334 0.775

Walking speed (m/s) 1.15±0.22 1.21±0.18 1.27±0.16 0.041* 0.107 0.503
Off-ground angle (°) −69.83±7.05 −70.56±6.46 −70.79±5.97 0.976 0.834 0.912

Landing angle (°) 13.59±4.77 15.68±4.94 18.35±5.35 0.003* 0.011* 0.323
Maximum swing angle (°) 16.15±4.01 18.81±4.63 20.82±4.67 0.001* 0.038* 0.105

Minimum swing angle (°) −70.70±7.04 −71.54±6.48 −72.64±6.02 0.509 0.588 0.886

Foot progression angle (°) 12.65±5.10 11.90±4.47 10.27±4.16 0.125 0.093 0.819

Notes: “*” of P is less than 0.05. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic patients without peripheral neuropathy; CG, control group; P1, comparison between CG 
group and DPP group; P2, comparison between CG group and DNP group; P3, comparison between DPP group and DNP group.

Figure 4 Mean of walking speed (m/s) in different groups. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic patients without peripheral neuropathy; CG, control group.

http://doi.org/10.2147/DMSO.S305102                                                                                                                                                                                                                                

DovePress                                                                                             

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 1804

Tian et al                                                                                                                                                              Dovepress

http://www.dovepress.com
http://www.dovepress.com


and system (Gaitboter) have good repeatability and 
sensitivity.15 In addition, previous studies have confirmed 
that Gaitboter system is consistent, accurate and reliable 
compared with the three-dimensional gait analyzer.14 This 
study is the first to use this instrument in diabetic patients 
to analyze and study the gait of diabetic patients. The 
objective of this study is to explore the application value 
of this instrument in diabetes.

Before nerve damage, abnormal changes in electro-
myography (EMG) activity of lower limb muscles can 
be found in diabetic patients. The pathological changes 
of motor nerves are aggravated with neuropathy’s pro-
gress, which is manifested by decreased muscle activ-
ity and delayed peak value.2 Muscle strength decline is 
a potential factor for falls, and walking speed can be 
used as an indicator of muscle strength decline.27 It has 
been reported that the walking speed of diabetic neuro-
pathy patients decreased significantly.28 This paper 
showed that the walking speed with peripheral 

neuropathy is significantly less than those of the con-
trol group. Walking speed is a predictor of mortality. 
The improvement of walking speed can significantly 
reduce the mortality rate.29,30 Slow walking speed is 
a predictor of falls in the elderly.31 Some studies have 
confirmed that the risk of falling in the elderly with 
walking speed less than 0.70 m/s is 1.5 times higher 
than that in the elderly with walking speed more than 
0.70 m/s. Every 0.1 m/s slowdown in walking speed 
increases the risk of falling by 7%.29 Other studies 
have found that the faster the walking speed, the higher 
will be the plantar pressure.32 The research on walking 
speed of diabetic patients is of great practical signifi-
cance in preventing diabetic patients from falling and 
foot ulcer. Further studies are required to verify it.

This study also found that the foot progression angle, 
the stance phase and double-foot stance phase of diabetic 
patients tended to rise compared to the control group, but 
it did not show statistical significance. Diabetic patients 

Figure 5 Mean of landing angle (°) in different groups. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic patients without peripheral neuropathy; CG, control group.
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may correct their physical instability by prolonging stance 
phase and reducing the swing phase. Moreover, the longer 
the stance phase is, the longer will be plantar burden time, 
which may lead to an increase in the incidence of ulcers.

This study also found that the landing angle and the 
maximum swing angle of diabetic patients were lower than 
the control group, but there was no difference in the off- 
ground angle and the minimum swing angle. It reflects that 
the range of foot and ankle joint motion in diabetic 
patients decreases, and the movement is limited. Studies 
have shown that the lower extremity functional strength of 
diabetic patients is lower than that of healthy people of the 
same age group, regardless of the presence or absence of 
peripheral neuropathy.33 Sawacha et al did a study through 
three-dimensional gait analysis34 that the movement abil-
ity of trunk and lower limb joints of diabetic patients was 
lower than that of control group whether there was per-
ipheral nerve damage or not, both static and dynamic, and 
the movement range of patients with peripheral neuropa-
thy was reduced more significantly than the control group. 
The impaired proprioception of diabetic patients and the 
decreased strength of ankle dorsal flexor muscle and 

plantar flexor muscle lead to decreased balance ability in 
diabetic patients.35

In addition, it can be seen from the results that the 
landing angle and the maximum swing angle of diabetes 
patients without peripheral neuropathy tended to rise com-
pared to diabetes patients with peripheral neuropathy. The 
walking speed of diabetes patients without peripheral neu-
ropathy tended to rise compared to diabetes patients with 
peripheral neuropathy, and tended to decrease compared to 
the control group. These results did not show statistical 
significance. The reason is: considering that most of the 
subjects in the study were not-very-old adults with a not- 
very-long history of diabetes, so the patients with periph-
eral neuropathy had no serious nerve injury according to 
the previous studies.36,37 In further study, we will expand 
the sample size including more elder adults with a long 
history of diabetes and serious patient’s condition of the 
subjects.

Our study had the limitation. The sample size of this 
article is not too large. Despite this limitation, we found 
that a wearable and portable gait analysis system 
(Gaitboter) can provide some quantifiable and easily 

Figure 6 Mean of maximum swing angle (°) in different groups. 
Abbreviations: DPP, diabetic patients with peripheral neuropathy; DNP, diabetic patients without peripheral neuropathy; CG, control group.
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obtained gait parameters for further scientific research in 
diabetes mellitus. We will expand the sample size in the 
future and conduct prospective research.

Conclusions
In conclusion, this study confirms that the wearable gait 
analysis system (Gaitboter) can identify abnormal gait in 
patients with type 2 diabetes, and provides a new device 
and method for diabetes-related gait research. Moreover, 
the system will help develop a huge gait database of type 2 
diabetes mellitus. It has broad prospects for clinical appli-
cation in the diabetes mellitus in the future.
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