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Abstract: A goniometer is currently the gold standard for range of motion (ROM) measurements.
However, trained staff are required for accurate measurements. The objective of this study is to
assess an agreement between the proposed standalone inertial measurement unit glove, smartphone
device, and a standard goniometer for the measurement of wrist range of motion. Twenty partici-
pants performed wrist flexion, wrist extension, pronation, supination, ulnar deviation, and radial
deviation movements with three operators measuring the movements with three devices. Average
measurements from the three approaches had within 1.5 degrees of difference from each other for
all of the movements. Both the proposed IMU glove and smartphone showed a strong correlation
to the goniometer in most of the movements, with an intraclass correlation coefficient (ICC) be-
tween 0.914 and 0.961, and between 0.929 and 0.951, respectively. Only wrist supination using the
smartphone has an ICC of 0.828. In comparison with a standard goniometer, a smartphone device
is a more convenient method and readily available. The proposed IMU glove requires additional
hardware but is easier to use and is more suitable for measuring and monitoring dynamic motion
than a smartphone or a goniometer. These patient-friendly approaches could be used by the patients
at home and provide remote quantitative monitoring during the wrist rehabilitation process.

Keywords: wrist rehabilitation; range of motion; goniometer; inertial measurement unit glove;
smartphone

1. Introduction

Joint stiffness is a condition in which the movement of a joint is difficult or limited
in a way that is not caused by weakness or pain [1]. This condition affects the patient’s
daily life by requiring more effort or force to perform the movement. Usually, joint stiffness
occurs after surgery or prolonged immobilization [2]. It is one of the major problems for
orthopedic patients. Physical therapies such as joint range exercise or joint rehabilitation
play an important role in helping patients to prevent and relieve joint stiffness [3–5]. Range
of motion (ROM) assessment is the most commonly used method to assess the effectiveness
of joint motion and measure the distances and directions that a joint can move [6,7]. Medical
usage of ROM includes assisting in the diagnosis, monitoring symptoms, or following up
on the treatment of orthopedic diseases [8,9].

A goniometer is a standard device for the measurement of wrist ROM [10–14]. How-
ever, a trained staff is required to accurately measure the ROM using the device [15,16].
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With the advancement of technology and smart devices, the use of a gyroscope for
home physiotherapy and an outpatient setting has been explored by many research
teams [13,17–19]. As of now, a gyroscope is usually integrated into a smartphone and
is accessible via an application, making it an easy-to-use and viable option for patients [20].
However, measuring the wrist ROM by using a smartphone could be troublesome and
inaccurate in some movements because the smartphone needs to be fixed securely to the
wrist [13,21].

The objective of this study is to develop a glove embedded with a six-axis inertial
measurement unit (IMU) and assess an agreement between the developed device, smart-
phone, and standard goniometer for the measurement of wrist ROM. The proposed IMU
glove is easier and more convenient to use than a goniometer and suitable for any wrist
movements in comparison to the smartphone device. In this study, we focus on the wrist
joint movements in several motion patterns in all three axes including flexion, extension,
supination, pronation, ulnar deviation, and radial deviation, [8,13].

The contributions of this study are as follows: (1) development of the glove embedded
with IMU; (2) comparison of the measurements of wrist flexion, wrist extension, ulnar
deviation, radial deviation, supination, and pronation between goniometer, smartphone,
and IMU glove; (3) comparison of intraclass correlation coefficient (ICC) for smartphone
and the proposed IMU glove with the goniometer as the gold standard; and (4) comparison
of the ICC between different levels of expertise for the three devices.

2. Materials and Methods

The experiment was conducted according to the principles expressed in the Declaration
of Helsinki, the Belmont Report, and the International Conference on Harmonization Good
Clinical Practice (ICH GCP). It was reviewed and approved by the human research ethics
committee of the Royal Thai Army medical department. The research study number and
the study document number are R111h/61 and IRBRTA 1754/2561, respectively. All of the
participants provided their written informed consent to participate in this study. The clinical
trial was registered according to the WHO International Clinical Trials Registry Platform
(WHO-ICTRP) at Thai Clinical Trials Registry (TCTR). The registry ID is TCTR20220110006.

2.1. Participants and Operators

This cross-sectional descriptive study includes ten males and ten females for a total
of 20 participants with an average age of 29.25 ± 2.53 years. For dominant hands, sixteen
participants were right-handed and four were left-handed. All participants were without a
previous history of surgery, post-traumatic events, musculoskeletal diseases, or neurovas-
cular problems, as well as any movement disorders of both wrists, forearms, and elbows.
To evaluate the operator bias between the different levels of practitioner, the experiment
was performed three times for each device by an orthopedic staff, an orthopedic resident,
and a medical student, respectively.

2.2. Instrumentation

Each operator was asked to perform the experiment with three devices, a standard
goniometer, a smartphone device, and the proposed IMU glove. A universal goniometer
with a plastic 360° goniometer face and 7-inch movable arms was used as a standard go-
niometer. An iPhone 6 with a measurement application was used as the smartphone device.
The proposed IMU glove is equipped with a six-axis MPU-6050 MEMS MotionTrackingTM,
which contains a three-axis gyroscope and a three-axis accelerometer. The measurement
signal is sent to the application for recording and visualization.

2.3. Procedure

Each participant was asked to perform six active wrist ROM movements in all three
axes; flexion (x), extension (x), pronation (y), supination (y), radial deviation (z), and ulnar
deviation (z). Each movement was performed nine times for the three operators; each opera-
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tor measured the movement three times with three different devices. Figure 1 demonstrates
the procedures of the three devices used in this study.

Figure 1. The measurements of wrist range of motion using a standard goniometer, smartphone,
and the proposed inertial measurement unit glove for wrist flexion (x), wrist extension (x), pronation
(y), supination (y), radial deviation (z), and ulnar deviation (z).

A goniometer was placed at the ulnar styloid next to the little finger and set the
initial state as the zero-degree position for wrist flexion and extension measurements.
For pronation and supination, participants were instructed to place their elbows and upper
arms against the wall before attaching a goniometer to the hand. Then, the goniometer
was set to the zero-degree position over the head of the third metacarpal bone. The radial
deviation and ulnar deviation were measured by placing the goniometer at the center of
the hand and in the middle of the middle finger. For the measurement using a smartphone,
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the iPhone 6 was placed on the wrists with elbows and upper arms against the wall and flat
along their torsos for all of the movements. As for the proposed IMU glove, the participants
were instructed to wear it as a regular glove before performing the wrist ROM movements.

2.4. Statistical Analysis

Mean, standard deviation (SD), and ICC are used for statistical analysis in this
study [22,23]. Mean and SD are used to assess an agreement between the three devices for
the measurements of the six active wrist ROM movements. To validate the reliability of
using the proposed IMU glove and a smartphone device,the ICC is calculated by using a
standard goniometer as the gold standard. The ICC is also used to illustrate the operator
bias and reliability between three different operators with different levels of expertise.

3. Results

Table 1 shows the means of active wrist ROM movements measured from a standard
goniometer, a smartphone device, and the proposed IMU glove for the flexion (x), extension
(x), supination (y), pronation (y), ulnar deviation (z), and radial deviation (z). Average
measurements from the three devices had within 0.5 degrees of differences from each other
for flexion, ulnar deviation, and pronation. Extension and supination motions had within
1 degree of difference, whereas radial deviation had within 1.5 degrees of differences from
each other.

Table 1. The means of active wrist range of motion movements measured with the three devices.

Goniometer Smartphone IMU Glove

Flexion (x) 87.57 ± 2.42 87.42 ± 3.34 87.92 ± 2.54
Extension (x) 85.02 ± 4.12 85.22 ± 4.00 86.00 ± 3.69
Supination (y) 23.47 ± 2.18 23.70 ± 1.83 24.20 ± 2.08
Pronation (y) 27.70 ± 1.72 27.25 ± 1.85 27.59 ± 1.48
Ulnar deviation (z) 86.23 ± 2.30 86.28 ± 2.69 86.73 ± 2.40
Radial deviation (z) 88.27 ± 2.40 86.97 ± 3.38 87.65 ± 2.87

Table 2 shows the ICC for a smartphone device and the proposed IMU glove with
a standard goniometer as the gold standard. There are strong correlations between the
IMU glove and a standard goniometer for all the wrist ROM measurements with the ICCs
between 0.914 and 0.961 (p-values < 0.001). For a smartphone device, except for the wrist
supination with the ICC of 0.828 (p-value < 0.001), other wrist ROM measurements had
strong correlations with a standard goniometer. To evaluate the operator bias, Table 3
shows the ICC for the three operators who performed the experiment. Based on the 95%
confidence interval of the ICC estimation, all of the movements had strong reliability across
the three devices; the ICC was greater than 0.9 with the p-value of less than 0.001.

Table 2. Intraclass correlation coefficient of a smartphone device and the proposed IMU glove with
standard goniometer as the gold standard.

ICC
95% Confidence Interval

p-Value
Lower Upper

Flexion (x)
Smartphone 0.929 0.820 0.972 <0.001
IMU Glove 0.955 0.887 0.982 <0.001
Extension (x)
Smartphone 0.951 0.877 0.981 <0.001
IMU Glove 0.921 0.801 0.969 <0.001
Supination (y)
Smartphone 0.828 0.565 0.932 <0.001
IMU Glove 0.933 0.832 0.974 <0.001
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Table 2. Cont.

ICC
95% Confidence Interval

p-Value
Lower Upper

Pronation (y)
Smartphone 0.948 0.868 0.979 <0.001
IMU Glove 0.961 0.900 0.984 <0.001
Ulnar deviation (z)
Smartphone 0.949 0.871 0.980 <0.001
IMU Glove 0.914 0.783 0.966 <0.001
Radial deviation (z)
Smartphone 0.937 0.841 0.975 <0.001
IMU Glove 0.955 0.885 0.982 <0.001

Table 3. Intraclass correlation coefficient for the three operators who performed the experiment.

ICC
95% Confidence Interval

p-Value
Lower Upper

Flexion (x)
Goniometer 0.963 0.923 0.984 <0.001
Smartphone 0.984 0.967 0.993 <0.001
IMU Glove 0.983 0.964 0.993 <0.001
Extension (x)
Goniometer 0.966 0.929 0.986 <0.001
Smartphone 0.989 0.976 0.995 <0.001
IMU Glove 0.977 0.952 0.990 <0.001
Supination (y)
Goniometer 0.951 0.897 0.979 <0.001
Smartphone 0.978 0.953 0.990 <0.001
IMU Glove 0.982 0.962 0.992 <0.001
Pronation (y)
Goniometer 0.957 0.909 0.982 <0.001
Smartphone 0.982 0.962 0.992 <0.001
IMU Glove 0.973 0.944 0.989 <0.001
Ulnar deviation (z)
Goniometer 0.918 0.827 0.965 <0.001
Smartphone 0.964 0.924 0.985 <0.001
IMU Glove 0.929 0.851 0.970 <0.001
Radial deviation (z)
Goniometer 0.941 0.876 0.975 <0.001
Smartphone 0.955 0.906 0.981 <0.001
IMU Glove 0.968 0.932 0.986 <0.001

4. Discussion and Limitations

Multiple research teams have investigated the use of a gyroscope in smartphone
devices for wrist ROM measurement in comparison with a standard goniometer [9,13,21].
They concluded that the device is viable as a convenient and quick way for both the health
professional and patient to measure ROM for a rehabilitation process. However, measuring
the wrist ROM by using a smartphone could be troublesome and inaccurate because it
tends to slip off when the joint motion occurs [13,21]. To address this issue, we developed
a glove embedded with a six-axis IMU for measuring active wrist ROM. It is easier and
more convenient to use than a goniometer and could monitor the dynamic motions without
slipping off during the rehabilitation process. However, patients with bandaged or splinted
wounds might require glove modification or customization. Although the experimental
results show that the goniometer does not require much skill to perform due to the high
ICC for the three operators, please note that the three operators are an orthopedic staff
member, an orthopedic resident, and a medical student. Therefore, the results could
be different if performed by patients with no prior training. Another advantage of the
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smartphone and the IMU glove is that there will be no human error or personal bias during
the quantitative measurement process because the digital measurement data is already
provided by the tools.

5. Conclusions

The experimental results show that both the developed IMU glove and a smartphone
device could be viable tools for wrist ROM measurement compared to a goniometer in
terms of inter-observer reliability in all directions of wrist motion. The advantage of a
smartphone device is its availability, but it could be troublesome and inaccurate because it
tends to slip off when joint motion occurs. The developed IMU glove requires additional
hardware, but it is easier to use and more suitable for measuring and monitoring dynamic
motion than a smartphone device or a goniometer. However, patients with a wound on
their hand might require customization or have difficulty wearing the glove.

Further research could also be done with a larger group of participants including the
patients to validate the results, especially a patient with a wound that requires customiza-
tion of the IMU glove. More experiments with novice operators, including caretakers or
patients, could also highlight the difference in the ICC between different levels of operators
for the three devices. Nevertheless, these patient-friendly approaches could support and
provide remote quantitative monitoring for wrist rehabilitation.
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