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Objective  To evaluate the gait pattern of patients with gait disturbances without consideration of defilades due to 
assistive devices. This study focuses on gait analysis using the inertial measurement unit (IMU) system, which can 
also be used to determine the most appropriate assistive device for patients with gait disturbances.
Methods  Records of 18 disabled patients who visited the Department of Rehabilitation from May 2018 to June 
2018 were selected. Patients’ gait patterns were analyzed using the IMU system with different assistive devices to 
determine the most appropriate device depending on the patient’s condition. Evaluation was performed using 
two or more devices, and the appropriate device was selected by comparing the 14 parameters of gait evaluation. 
The device showing measurements nearer or the nearest to the normative value was selected for rehabilitation.
Results  The result of the gait evaluation in all 18 patients was analyzed using the IMU system. According to the 
records, the patients were evaluated using various assistive devices without consideration of defilades. Moreover, 
this gait analysis was effective in determining the most appropriate device for each patient. Increased gait cycle 
time and swing phase and decreased stance phase were observed in devices requiring significant assistance.
Conclusion  The IMU-based gait analysis system is beneficial in evaluating gait in clinical fields. Specifically, it 
is useful in evaluating patients with gait disturbances who require assistive devices. Furthermore, it allows the 
establishment of an evidence-based decision for the most appropriate assistive walking devices for patients with 
gait disturbances.
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INTRODUCTION

Gait analysis is the systematic study of human motion 
using various instruments; it measures and analyzes sev-
eral gait-related parameters such as movement patterns, 
strength, and joint angle, and range of motion (ROM) [1].

Functional mobility is important because it allows 
humans to safely perform the activities of daily living, 
such as walking, running, and climbing. It also helps in 
handling assistive devices, such as walkers, crutches, and 
canes [2]. However, approximately 15% of the world’s 
population live with disability, of which 2%–4% experi-
ence significant functional problems [3]. Therefore, the 
assessment of functional activities is crucial to under-
stand motion disturbances and to determine appropriate 
management.

The most popular and widespread method that evalu-
ates one’s functional mobility is a marker-based motion 
capture technology using infrared camera. However, this 
system has some limitations in terms of data recruit-
ment in specific settings and environments. The system 
requires the usage of an array of camera; therefore, the 
marker-based motion capture is not applicable to pa-
tients requiring assistive devices; the assistive devices are 
considered as obstacles that may decrease the accuracy 
of the captured motion. Additionally, its usage is re-
stricted to a specific environment; the system cannot be 
utilized in the real environments of daily activities, such 
as in a patient’s home or a public field. One potential 
way to solve this limitation is to use a marker-less motion 
capture system, the three-dimensional (3D) inertial mea-
surement unit (IMU).

According to the previous studies, sensor technology 
is one of the emerging methods that can be effectively 
used in gait analysis. One example of these is an acceler-
ometer [4]. Recently, a simple and cost-effective analysis 
combined with sensor technology has been used [5]. The 
inertial sensors generally consist of a gyroscope, an ac-
celerometer, and a magnetometer, allowing the measure-
ments of gravitational force and acceleration [6-12]. Dur-
ing the gait evaluation, changes in the Euler angle, yaw, 
pitch, and angle of the rolling axis can be measured using 
the gyroscope [13].

IMUs, referred to as wearable inertial sensors, are wide-
ly utilized to evaluate gait patterns in both healthy indi-
viduals and patients with gait disturbances. Compared to 

other types of sensors assessing gait, such as video mo-
tion analysis or mat, 3D IMUs are smaller and lighter and 
are more convenient to be used in the gait analysis of dis-
abled patients who cannot walk without assistance [14]. 
Additionally, gait evaluation using 3D IMUs allows hour-
long ambulatory measurements and evaluation in point-
of-care environments [15]. The introduction of IMU also 
enables the quantitative gait pattern analysis of patients 
using assistive devices, since the new system does not 
restrict patients using assistive devices. Additionally, in 
IMU, the range of study environments is expanded; the 
gait analysis on the slope or outdoor is available due to its 
marker-less system.

Throughout the rehabilitation process, it is crucial to 
identify the most appropriate assistive device for each 
patient with gait disturbance to reduce the risk of falling 
and maximize the effect of the rehabilitation. To evaluate 
the gait pattern of patients with gait disturbances with-
out consideration of defilades due to assistive devices, 
this study focuses on gait analysis using IMU. In clinical 
fields, gait disturbance is possibly caused by several dis-
eases. Before starting an individual’s rehabilitation, the 
individual’s gait must be evaluated to analyze his/her 
gait pattern. However, if an individual requires an assis-
tive device, the result of the analysis may be affected by 
defilades using conventional methods of gait analysis. To 
solve this problem, gait analysis based on inertial mea-
surement is considered effective due to its marker-less 
motion capture system. Furthermore, it can also be used 
to determine the most appropriate assistive device for 
patients with gait disturbances.

IMU is capable of capturing the patient’s gait pattern in 
quantitative data in various settings and environments; 
thus, it is considered an effective clinical tool to evaluate 
gait in patients requiring an assistive device. In this study, 
we enumerated the advantages of the IMU technology-
based gait analysis in clinical fields and the usefulness of 
this system in determining the most appropriate assis-
tive device for rehabilitation; we utilized the IMU-based 
gait analysis as a decision-making tool in selecting the 
most appropriate assistive device for each patient. We 
reviewed the records and compared the results of the gait 
analyses based on inertial measurement to confirm its 
effectiveness in clinical fields and to verify its availability 
in selecting the most appropriate assistive device for pa-
tients requiring an assistive device because of gait distur-
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bance before the initiation of the rehabilitation program.

MATERIALS AND METHODS

Study design and data source
This was a retrospective study that used clinical data 

from the electronic medical records of Ewha Womans 
University Mokdong Hospital. The study was approved by 
the Institutional Review Board of Ewha Womans Univer-
sity Mokdong Hospital (No. 2019-03-011). All medical re-
cords were fully anonymized before starting the analysis, 
and all the patients provided informed consent because 
all data were retrospectively reviewed using the patients’ 
medical records.

Selection of study population
In this study, we analyzed the data of 18 patients to 

evaluate their gait using the IMU sensor between May 2018 
and July 2018. Both inpatients and outpatients who visited 
the Department of Rehabilitation Medicine were included 
in the study. These patients were recently diagnosed with 
some diseases resulting in gait disturbance. Therefore, 

these patients required acute phase gait rehabilitation, and 
an appropriate assistive device before starting the rehabili-
tation was necessary in these patients.

A B

Fig. 1. (A) Gait analysis with inertial measurement unit 
technology, Human Track (RBioteck Co. Ltd., Seoul, Ko-
rea). (B) The IMU sensors are attached to patient’s abdo-
men, bilateral thighs, shanks, and dorsum of both feet.

Fig. 2. Example of gait analysis report: gait parameters.
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Characteristics
According to the data, the instrument used for the 

evaluation was equipped with a fusion sensor system 
composed of wireless IMU sensor and stereo camera 
(Fig. 1). The IMU (35 mm×45 mm×17 mm)-based gait 
analysis system, Human Track (RBiotech Co. Ltd., Seoul, 
Korea), consisted of a gyroscope, an accelerometer, and 
magnetometer sensors. A fusion sensor system using a 

stereo camera was simultaneously applied with the IMU 
sensor. The IMU sensors were attached to the patient’s 
abdomen, bilateral thighs, shanks, and dorsum of both 
feet. Once the sensors were attached, the axis calibration 
was performed by the system. The patient was asked to 
walk 6 m several times under the video monitoring, each 
session with a different assistive device. The system was 
composed of the following 14 gait parameters: gait cycle 

Fig. 3. Example of gait analysis report: (top) angle of hip, (middle) knee, and (bottom) ankle joint (sagittal, coronal, 
transverse).
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time (sec), stance phase (%), swing phase (%), velocity 
(m/s), stride length (m), cadence (step/min), pre-swing 
(%), initial double support time (%), initial single support 
time (%), terminal double support time (%), terminal 
single support time (%), hip joint angle (º), knee joint 
angle (º), and ankle joint angle (º). Figs. 2 and 3 pres-
ent an example of an IMU gait report. The gathered data 
were compared with the normative values obtained from 
2016 voucher work project supervised by the Institute for 
Information and Communication Technology Planning 
and Evaluation. According to this record, the normative 
values of the parameters were obtained from the IMU 
evaluation of 200 healthy individuals in their 40s or older.

Statistical analysis
We used descriptive statistics to summarize the gait 

parameters of each assistive device used for the evalu-
ation. The quantitative variables were expressed using 
median with interquartile range. All statistical analyses 
were performed using the Statistical Package for the So-
cial Sciences (SPSS) version 25.0 for Windows (IBM SPSS, 
Armonk, NY, USA).

RESULTS

The data of the 18 patients (12 men, 6 women) were 
analyzed. Patients’ baseline characteristics such as age 
and sex, underlying diseases, and final choice of assis-
tive device are presented in Table 1. The age range was 
11–85 years, and the patients presented with various dis-
ease entities including stroke, spinal cord- or spinal root-
related disease, vertebral fracture, and musculoskeletal 
problems.

All 18 patients were capable of walking 6 m using the 
IMU equipment. The purpose of the evaluation was to se-
lect the appropriate device that could realize the patients’ 
gait performance that most closely resembled a normal 
gait pattern before starting their gait rehabilitation. The 
result was obtained using two or more devices, and an 
appropriate device was selected by comparing the 14 pa-
rameters as a result of the gait evaluation. Above all, gait 
velocity was the first priority. The device showing mea-
surement nearer or the nearest to the normative value 
was selected for rehabilitation. Additionally, if there was 
no clear difference in the measurements on trials using 
the devices, the next parameters that we considered were 

cadence and stride length. The cadence of the nine pa-
tients was recorded, and the stride length of the remain-
ing patients was recorded. As discussed previously, if a 
significant difference was observed during comparison, 
that is, a device that significantly supported gait had a 
value closer to that of the normative range, then an infe-
rior-level assistive device, which means a device requir-
ing significant assistance, was used for gait rehabilitation. 
On the contrary, if a clear difference was not observed, a 
superior-level handling device, which provides less sup-
port, was selected. Furthermore, the percentage of stance 
and swing phase (ratio) was additionally considered 
when establishing a decision for the appropriate assis-
tive device. The flowchart of decision-making for the ap-
propriate assistive device comparing the result of the gait 
evaluation using two or more devices is presented in Fig. 
4.

The final choice of assistive device according to the 
disease entity is summarized in Table 2; 11 patients were 
able to walk independently, 3 patients used a mono-
cane, one patient preferred to walk using a quad cane, 
and the last one patient preferred to walk using walker 
or high walker on their rehabilitation session. As a result, 
the most preferable choice was gait without assistive de-
vices in patients with stroke and spinal cord- and spinal 
root-related disease. According to the gait evaluation, the 
significant differences in gait parameters between the in-
dependent gait and the gait using assistive devices were 
not observed in this study.

The median and interquartile range of each gait pa-
rameter were obtained in accordance with the four kinds 
of assistive devices in this study; the parameters are 
presented in Table 3. The increase in gait cycle time and 
swing phase and the decrease in stance phase were ob-
served in inferior-level assistive devices. The gait param-
eter characteristics of quad-cane were excluded, since 
only one patient decided to use quad-cane in the reha-
bilitation program.

DISCUSSION

Recently, human gait analysis is one of the main sub-
jects of many studies in several clinical fields. Gait pat-
tern is usually associated with locomotion, which can be 
affected by various diseases. A reliable understanding 
regarding the several characteristics of gait enables the 
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analysis of abnormal gait pattern caused by diseases and 
the prediction of the disease prognosis. Moreover, appro-
priate evaluation at specific time, and monitoring over 

time, allows the early selection of the most appropriate 
assistive device in patients with gait disturbances. There-
fore, gait analysis is significantly important in clinical 

Table 1. Baseline characteristics and determined assistive device

Patient 
no.

Sex/Age 
(yr)

Disability Disease Assistive device

1 M/65 Right hemiplegia Left basal ganglia and left frontal ICH Mono-cane vs. Quad-cane
   → Mono-cane

2 M/67 Gait disturbance SAH Independent vs. Mono-cane
   → Independent

3 F/79 Tetraplegia SCI, AIS D, NLI C4 Quad-cane vs. Walker
   → Quad-cane

4 M/56 Gait disturbance SDH along the falx and bilateral
   tentorium

Independent vs. Mono-cane
   → Independent

5 M/60 Tetraplegia Cervical myelopathy, C4-5 Independent vs. Quad-cane
   → Independent

6 M/49 Right hemiplegia Left pons ICH Independent vs. Quad-cane
   → Independent

7 F/76 Gait disturbance Gallbladder stone with cholecystitis Mono-cane vs. Walker
   → Mono-cane

8 F/60 Gait disturbance Radiculopathy, L3/4 Quad-cane vs. Walker
   → Walker

9 M/85 Gait disturbance Chronic SDH at left cerebral
   convexity, R/O right pons infarction

Compared Mono-cane, 
   Quad-cane and Walker
   → walker

10 M/11 Gait disturbance Cauda equina syndrome Compared Independent, unilateral 
   Mono-cane, bilateral Mono-cane 
   and bilateral Forearm crutch
   → Independent

11 F/77 Gait disturbance Compression fracture, T12 Independent vs. Walker
   → Independent

12 M/60 Balance impairment Left pons infarction Independent vs. Mono-cane
   → Independent

13 M/48 Left hemiplegia Right thalamus ICH Independent vs. Mono-cane
   → Independent

14 M/46 Left hemiplegia Right putamen ICH Independent vs. Mono-cane
   → Independent

15 F/71 Gait disturbance SAH Walker vs. High-walker
   → High-walker

16 F/60 Gait disturbance Radiculopathy, L3/4 Compared Independent, 
   Mono-cane and High-walker
   → Independent

17 M/72 Left hemiparesis Right thalamus ICH Independent vs. Mono-cane
   → Mono-cane

18 M/31 Gait disturbance Degloving injury of left foot Independent vs. Left crutch
   → independent

ICH, intracerebral hemorrhage; SAH, subarachnoid hemorrhage; SDH, subdural hemorrhage; SCI, spinal cord injury; 
AIS, American Spinal Injury Association impairment scale grade; NLI, neurological level of injury; C, cervical; L, lum-
bar.
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practice because it offers information about the patient’s 
functional capacity and helps in planning effective reha-
bilitation program individually [16].

There are various types of technological devices that 

can be used in human gait analysis. These are categorized 
according to two kinds of methodology. One is a non-
wearable sensor (NWS), and another is a wearable sensor 
(WS). NWS systems require controlled research facilities 

*Consideration of stance & swing phase (%)

Difference (+) Difference (-)

Velocity (speed)

Choose the assistive device
showing measurements
nearer or the nearest to

the normative value

Cadence or stride length

Comparison with
normative value

Comparison with
normative value

Inferior level of
assistive device

(assist )

Superior level of
assistive device

(assist )

Difference (+) Difference (-)

Fig. 4. Flowchart of decision-mak-
ing of proper assistive device with 
comparing result of gait evalua-
tion with two or more devices.

Table 3. Descriptive statistics of gait parameters associated with selected device

Gait parameter
Assistive device

Independent (n=11) Mono-cane (n=3)a) Quad-cane (n=1) Walker or high-walker (n=3)b)

Lt. gait cycle time (s) 1.40 (1.25–1.65) 1.70 (1.55–2.00) 1.3 1.70 (1.70–2.35)

Rt. gait cycle time (s) 1.40 (1.30–1.60) 1.80 (1.60–2.05) 1.2 1.70 (1.50–1.80)

Lt. stance phase (%) 63.60 (58.95–65.05) 58.10 (56.80–58.95) 52.3 56.90 (50.10–60.50)

Rt. stance phase (%) 61.10 (58.05–64.30) 56.70 (56.15–60.30) 56.7 57.80 (55.45–60.85) 

Lt. swing phase (%) 36.40 (34.95–41.05) 41.90 (41.05–43.20) 47.7 43.10 (39.50–49.90) 

Rt. swing phase (%) 38.90 (35.70–41.95) 43.30 (39.70–43.85) 43.3 42.20 (39.15–44.55) 

Lt. velocity (m/s) 0.80 (0.50–0.95) 0.70 (0.60–0.80) 0.7 0.60 (0.45–0.65)

Rt. velocity (m/s) 0.80 (0.55–0.95) 0.60 (0.55–0.60) 0.7 0.60 (0.50–0.85)

Lt. stride length (m) 0.70 (0.40–0.90) 0.5 0.5 0.30 (0.10–0.50)

Rt. stride length (m) 0.70 (0.40–0.85) 0.8 0.5 0.35 (0.20–0.50)

Lt. cadence (step/min) 87.30 (73.50–96.85) 87.5 - 70.1

Rt. cadence (step/min) 85.00 (75.30–97.15) 88.4 - 62.2

Values are presented as median (interquartile range).
a)Stride (n=2) and cadence (n=1). b)Cadence (n=1).

Table 2. Choice of device associated with disease category among 18 cases

Disease entity
Assistive device

Independent Mono-cane Quad-cane Walker or high-walker
Stroke 6 2 - 2

Spinal cord or root related disease 3 - 1 1

Vertebrae fracture 1 - - -

Medical problem - 1 - -

Musculoskeletal problem 1 - - -
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for the sensors’ placement and capture data while the 
subject is walking on a specific pathway. In contrast, WS 
systems allow the analysis of gait pattern without con-
sideration of the surroundings and capture information 
while the subject performs the activities of daily living. 
Specifically, WS systems use sensors located on several 
parts of the body, such as the feet, knees, thighs, or waist. 
Different kinds of sensors are included in this category.

The traditionally used methods to evaluate human gait 
are expensive and complicated. Considering these limi-
tations, these methods are not regularly used in clinical 
practice. To resolve this problem, inertial sensor-based 
gait analysis has been used. IMU sensor is composed of 
accelerometers, gyroscopic sensors, and magnetometers. 
Additionally, force sensors, extensometers, goniometers, 
active markers, and electromyography are utilized to cap-
ture the signals that characterize the gait [17]. Sant’Anna 
et al. [18] developed a system with inertial sensors to 
quantify gait symmetry and gait normality. The evalua-
tion was performed in the laboratory, as opposed to the 
3D kinematic measurements, and in situ, contrary to the 
clinical assessments of patients undergoing hip replace-
ment. The results showed good correlation factor be-
tween the different methods. Furthermore, Ferrari et al. 
[19] presented an algorithm to measure gait parameters, 
which were compared with the outcomes of gold stan-
dard camera-based system. It presented a difference in 
step length less than 5% with consideration of the median 
values. More recently, Petraglia et al. [20] showed a good 
agreement between the IMUs and classical gait analysis 
for several gait parameters; therefore, it finally confirmed 
that IMUs can be used to capture kinematic informa-
tion in different environments and time frames and can 
even be performed outside a laboratory in real-life con-
ditions. The IMU system appears to be an accurate and 
repeatable measuring tool to evaluate the spatiotemporal 
gait parameters in healthy adults [21]. Furthermore, it 
is useful in evaluating the gait patterns of patients with 
neurological diseases [14,22,23]. Additionally, IMU can 
measure disease severity [24].

Assistive devices play an important role in support-
ing gait. However, studies that determine the appropri-
ate assistive device are limited because it is difficult to 
measure and interpret the gait pattern when devices are 
used. Therefore, it is necessary to create an algorithm 
regarding the establishment of a decision for the most 

appropriate assistive device to further develop machine 
learning and artificial intelligence (AI) system. Accord-
ing to the previous studies, Rafael et al. summarized the 
studies that applied adaptive, also called AI, algorithms 
to gait analysis based on inertial sensor data, validating if 
they can be used in clinical fields [16]. Additionally, Cho 
et al. [25] presented scoliosis screening with machine 
learning using the IMU-based gait analysis. Based on this 
background, this study focused on developing a basic al-
gorithm suggesting the most appropriate assistive device 
to patients with gait disturbances using a gait evaluation 
tool that is not affected by defilades. Additionally, we 
aimed to confirm this concept in clinical fields.

Eighteen patients with gait abnormality were evaluated 
using the IMU equipment. All patients were evaluated 
using various assistive devices to determine the most ap-
propriate device for gait rehabilitation. When the patients 
were evaluated using conventional gait analysis such 
as treadmill, patients requiring assistive devices were 
frequently excluded in the evaluation of gait patterns 
because the devices were considered as obstacles on the 
gait evaluation and the risk of falling without the device 
was high. The IMU-based gait analysis is capable of over-
coming such problem, providing quantitative informa-
tion on the gait parameters to all patients. Furthermore, 
it is beneficial in determining the most appropriate assis-
tive device for patients by comparing the gait parameters 
of each device.

Based on the result of our analysis, our study presented 
two major findings. First, gait using assistive devices in 
patients with stroke and spinal cord- and spinal root-
related diseases did not show a statistically significant 
difference to independent gait. Second, increase in gait 
cycle time and swing phase and decrease in stance phase 
were observed in inferior-level assistive devices, which 
provide more support on gait evaluation.

This study has three limitations. First, the patient’s dis-
ease entity was heterogeneous. It can be considered as a 
limitation because it provides possible inconsistencies in 
the patterns of the gait parameters according to the pa-
tient’s condition. However, on the contrary, it can be con-
sidered as a strength in this study because it shows that 
IMU-based gait analysis is available without consider-
ation of patient’s disease entity and patterns of disability. 
Second, there the difference between sound side and le-
sion side was not discussed. According to the disease, the 
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affected side and disability pattern can possibly vary, and 
it may have an effect on gait parameters. Further study 
comprising a large sample size that can be classified into 
disease category or disability patterns is required. Third, 
normative value used in this study was obtained from the 
IMU evaluation of 200 healthy individuals in their 40s or 
older, providing the possibility of generalization error; 
therefore, creating the control group or developing the 
detailed criteria about the gait parameters of IMU-based 
gait analysis can be considered as a possible solution.

Conventional studies that evaluate the gait patterns of 
the patients using the assistive devices are frequently lim-
ited mostly due to their technical limitations. The mark-
er-less IMU-based gait analysis broadens the scope of the 
gait evaluation by measuring quantitative information of 
gait patterns regardless of the surrounding conditions or 
the presence of assistive devices. To discuss future plans 
in using IMU-based gait analysis on gait correction and 
selection of appropriate assistive devices, further study 
that can resolve the limitations mentioned previously is 
required. Additionally, not only focusing on time-spatial 
and ROM range but also concentrating on choosing the 
principal component on the real gait pattern and apply-
ing the machine learning method is critical on future 
studies.

In conclusion, prior to the initiation of rehabilitation, 
the IMU-based gait analysis is effective in establishing 
the decision regarding the most appropriate assistive de-
vice in patients with gait disturbances. With the quantita-
tive information and analyses on gait parameters using 
different assistive devices, an evidence-based decision 
regarding the most appropriate device on one’s rehabili-
tation can be established.
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