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Abstract
This study proposes a modular data glove system to accurately and reliably capture hand kinematics. This data glove sys-
tem’s modular design enhances its flexibility. It can provide the hand’s angular velocities, accelerations, and joint angles 
to physicians for adjusting rehabilitation treatments. Three validations—raw data verification, static angle verification, and 
dynamic angle verification—were conducted to verify the reliability and accuracy of the data glove. Furthermore, to ensure 
the wearability of the data glove, 15 healthy participants and 15 participants with stroke were recruited to test the data glove 
and fill out a questionnaire. The errors of the finger ROMs obtained from the fusion algorithm were less than 2°, proving 
that the fusion algorithm can measure the wearer’s range of motion accurately. The result of the questionnaire shows the 
participants’ high satisfaction with the data glove. Moreover, a comparison between the proposed data glove and related 
research shows that the proposed data glove is superior to other data glove systems.
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1  Introduction

Capturing hand kinematics is important for several medical 
purposes, such as rehabilitation and assessment of manual 
dexterity [1, 6, 13]. By capturing the motion of hands, the 
physicians can record and accurately evaluate the condition 
of patients’ hands after neurological diseases or hand sur-
gery. Two types of hand motion capture technologies have 
been reported in the literature: non-contact systems and con-
tact systems [1–7, 9, 11, 12, 15]. Typical non-contact sys-
tems capture hand motions by using camera-based devices 
and image processing technology [9, 11, 15]. The users are 
not required to wear any devices, but such systems are easily 
affected by environmental conditions, such as illumination 
and occlusion. By contrast, contact-based designs are more 
practical in medical settings [1–7, 12]. Data gloves are the 
most popular type of contact-based design. Various sensors, 
such as optical fiber sensors, resistance sensors, and inertial 
measurement units (IMUs), can be used in data gloves to 
capture hand motions. IMU-based data glove designs are 
reported to be the most practical designs [14]. An IMU-
based data glove can record hand kinematics accurately and 
provide useful parameters, such as acceleration or angular 
velocity. In addition, most IMU-based gloves are light and 
can be worn easily.
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Several IMU-based data gloves have been proposed [2–7]. 
In 2014, Kortier et al. presented a data glove with inertial 
magnetic sensors to assess hand kinematics [6]. The disad-
vantage of this work was that it is time-consuming to attach 
the sensors on the user’s fingers; furthermore, the method of 
attaching sensors did not result in stable attachments, and the 
measurements of motion were often inaccurate. Moreover, 
this design featured universal serial bus (USB) transmission 
over a wire, which limited the mobility of the user’s hand. 
In 2016, Choi et al. presented a low-cost data glove with 
multiple IMUs [2]. However, this design was not suitable 
for all users. For users with small hands, the sensors tended 
to constrain finger motion; also, the attachments of the sen-
sors to the tops of the fingers were unstable and, thus, the 
glove could not accurately measure the attitude of the fin-
gers. Moreover, Choi et al. conducted the evaluation only in 
the static state without considering the dynamic situation, 
which was not practical for routine use. In 2017, Fang et al. 
proposed a wearable device and a sensor fusion algorithm to 
measure hand kinematics [4]. This device was tested using 
both static and dynamic evaluations to validate the accuracy 
of the algorithm. However, the wearable device was not a 
modular design, and the wires on the data glove may have 
impaired the wearability and mobility. Furthermore, all the 
aforementioned data gloves can be affected by the magnetic 
environment because they all use magnetometers.

To overcome the disadvantages of the previous devices, 
including loss of modulation and flexibility, a data glove 
system with 6-axis IMU sensors to capture hand kinematics 
was proposed. This proposed data glove includes a modu-
lar system that adapts to different hand sizes and enhances 
maintainability. Moreover, the sensors are attached to the 
surfaces of fingers stably using a novel method; therefore, 
the sensors accurately measure finger attitudes.

2 � System Architecture and Design

2.1 � Overview of Data Glove System

A data glove system was developed as a tool for captur-
ing hand motion during physical rehabilitation. It contains 
a motion-capture board (MCB), five flexible finger units 
(FFUs), an arm board, and a host system. The architecture 
of the system is shown in Fig. 1.

The data glove consists of 16 IMU sensors (Fig.  2). 
Each IMU sensor includes a 3-axis accelerometer and a 
3-axis gyroscope and measures parameters such as angu-
lar velocity, acceleration, and range of motion (ROM). The 

Fig. 1   Architecture of the data 
glove system

Fig. 2   Positions of sensors on the data glove
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parameters precisely represent the fingers’ movements while 
the patients perform the rehabilitation exercises. The sen-
sors on the fingers can measure the ROM of the distal inter-
phalangeal and proximal interphalangeal joints. The sensor 
on the back of the hand is regarded as a reference and used 
to measure the ROM of the metacarpophalangeal (MCP) 
joints with the sensors on the fingers. The sensor on the 
forearm collocated with the sensor on the back of the hand 
is used to measure the ROM of the wrist. The MCB (Fig. 3) 
contains a microcontroller unit (MCU), an IMU, a Blue-
tooth module, and a Li-polymer battery. The dimension of 
the MCB is 42 mm × 50 mm × 8 mm. The MCU (MSP430; 
Texas Instruments Inc., TX, United States) requests the data 
from all sensors through a serial peripheral interface. The 
sampling rate of the data glove system is 50 Hz. The data 

collected from the IMUs are encapsulated and transmit-
ted through Bluetooth to the host system at 115,200 bps. 
A 1000-mAh Li-polymer battery is embedded in the data 
glove to provide power for at least 5 h, which is adequate for 
conducting various rehabilitation tasks. The C# program on 
the host system calculates the ROM of fingers and records 
the obtained parameters, enabling the physicians to conduct 
detailed evaluations of the patient. 

2.2 � Mechanical Design of the Data Glove

In previous studies, each data glove had a fixed size and 
could not fit hands of different sizes. However, the data glove 
proposed in this study is designed as a modular kit (Fig. 4). 
It comprises five FFUs, an MCB, and an arm board. The 
width of each FFU is 0.8 cm, which is limited by the IMU 
sensor and the layout, and four different lengths (6.5, 9.5, 
10.5, and 11.5) are used (Fig. 5). Each FFU is independent 
and contains two or three IMU sensors. The weight can be 
reduced by directly embedding the sensors on the FFU to 

Fig. 3   MCB and its components

Fig. 4   Modular design of the 
data glove

Fig. 5   Four lengths of FFUs
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enhance the mobility of the fingers. When an IMU sensor 
on any FFU is broken, that FFU can be replaced quickly 
and easily because of the modular design, which enhances 
the maintainability. Moreover, masses of flame retardant 4 
(FR4) are attached to the bottoms of the FFUs, where the 
sensors are located, to prevent solder cracking while the fin-
gers are actively moving.

The data glove contains three main mechanisms: the 
mechanism between the FFU and the glove, the mechanism 
between the MCB and the glove, and arm board module.

The mechanical design between the FFU and the glove 
is presented in Fig. 6. To enhance the mobility of the finger 
joints, the material over the positions of the interphalan-
geal joints was removed. The IMU sensors were attached on 
the transparent soft plastic on an elastic fabric by a strong 
double-sided tape (Polar Bear SR-6600 Double-Sided 
Tape; New Taipei City, Taiwan), which can be mounted 
and removed easily. Moreover, an elastic tape was used to 
connect the two edges of the elastic fabric as a circular ring, 
which fixed the sensor position. This design prevented the 
IMUs in the data glove from slipping, allowing accurate 
measurement of the attitude of the fingers.

A patient’s hand may drag the wires of the MCB and the 
glove constantly; therefore, a flexible flat cable was used to 
connect the FFU and the MCB in this data glove. This design 
avoids instability of transmission caused by dragging the 
wires. Furthermore, to prevent the FFU wires from breaking 
when the FFU is folded, the contact point between the FFU 
and the connector was covered with special glue (Cemedine 
Super X8008 Adhesive AX-139; Tokyo, Japan) to form a soft 

substance that prevents folding of the base edge on the pad of 
the sensor.

The design of the arm board module is presented in Fig. 7. 
It contains a Li-polymer battery and an IMU sensor. The IMU 
can measure the attitude of the forearm, and the wrist ROM 
can be calculated from the attitude of the MCB and that of the 
arm board module. The arm board module is embedded into 
a tennis elbow support (Conwell 53070; Taichung, Taiwan), 
which can be worn easily. Its purpose is to measure the ROM 
of the wrist and move the bulky components to the forearm in 
order to enhance the hand mobility.

3 � System Software and Verification

3.1 � Process of ROM Measurement

3.1.1 � Quaternion Algorithm

This study adopted a stable quaternion algorithm, called 
Mahony’s complementary filter, proposed by Madgwick in 
2011 [10] to fuse the data of the accelerometer and that of the 
gyroscope and get the quaternion of sensor’s attitude.

The quaternion q of the current attitude of the sensor is 
defined as q = (q0, q1, q2, q3) . q can be calculated from Eq. (1).

where ωt is angular velocity measured at the current time 
t. Δt is the sampling period of the sensor at t. For this data 

(1)q = qt−1 +
(

1

2
qt−1 × �t

)

⋅ Δt

Fig. 6   The mechanical design 
between the FFU and the glove

Fig. 7   The mechanical design 
between the FFU and the glove
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glove, Δt is 0.02 because the sampling rate is 50 Hz. qt-1 is 
the estimated quaternion at the previous time.

ROM can be calculated from the Euler angles on the sen-
sor frame. The conversion of q to Euler angles can be calcu-
lated from Eqs. (2), (3), and (4).

3.1.2 � Algorithm for Calculation of Finger ROM

The calculation of the ROM relies on two IMU sensors 
located on the proximal and distal sides of the interphalan-
geal joint (Fig. 8). The front sensor (FS) is an IMU sensor 
measuring the proximity to the fingertip, and the back sen-
sor (BS) is an IMU sensor measuring the proximity to the 
metacarpophalangeal joint.

The calculation process is presented in Fig. 9. The pitch 
angles of FS and BS are defined as Pitch(FSi) and Pitch(BSi), 
respectively. The variables i, j = 1, 2,…,16 are the indexes of 
selected sensors. ROMori is the original difference between 
Pitch(FSi) and Pitch(BSi). ROMij represents the final result 
of the ROM of sensor i and sensor j.

3.2 � System Validation

3.2.1 � Raw Data Validation

In the data glove system, ROMs of fingers are computed 
from acceleration and angular velocity. Therefore, it is 

(2)Pitch = tan 2−1

(

2
(

q0q2 − q1q3
)

1 − 2q2
2
− 2q2

1

)

(3)Roll = sin
−1

2
(

q2q3 + q0q1
)

(4)Yaw = tan 2−1

(

2
(

q1q2 − q0q3
)

2q2
0
+ 2q2

1
− 1

)

necessary to verify the reliability of the acceleration and 
the angular velocity values obtained from the IMU sensors.

A reliable IMU device (LPMS-B; LP-Research, Tokyo, 
Japan) was used as a reference in this study. LPMS-B was 
attached beneath our IMU sensor, and both the sensors were 
rotated randomly and simultaneously. The raw data from 
these two devices were recorded and compared to prove the 
reliability of our IMU sensor.

3.2.2 � Static Angle Verification

Static angle verification was used to verify the accuracy 
of the fusing algorithm in static situations. An FFU was 
attached to the static angle verification tool, which contained 
a protractor at a fixed angle (Fig. 10). This angle represented 
the actual value and was compared with the angle from the 
FFU.

3.2.3 � Dynamic Angle Verification

Dynamic angle verification was conducted after static angle 
verification to verify the ROM during finger movement. A 
servomotor (3001HB; Pololu Crop., Las Vegas, NV, United 
States) was used to produce repeated movements to simulate 
the movement of a real finger. The FFU was placed on the 
dynamic testing platform, and the servomotor was used to 
control the rotation of the platform (Fig. 11).

Fig. 8   The mechanical design between the FFU and the glove

Fig. 9   Algorithm for calculating ROM

Fig. 10   Tool used to verify the static angle
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4 � Results

4.1 � Raw Data Validation

The acceleration and angular velocity of each axis 
obtained from LPMS-B and the data glove are presented 
in Fig. 12. The average correlation of acceleration value 
was 0.957 and the average correlation of angular velocity 
value was 0.979.

4.2 � Static Angle Verification

ROM and the angle of the protractor were compared, and 
the results are presented in Table 1. The process of testing 

was repeated with four different angles: 24, 43, 57, and 
78°. The errors of the finger ROMs obtained from the 
algorithm were ≤ 2° (Table 1).

4.3 � Dynamic Angle Verification

The range of rotation was set to between 30 and 70°. The 
result of the ROM during the cycle from 30 to 70° (Fig. 13) 
shows the reliability and stability of the sensor fusion algo-
rithm during ROM changes.

4.4 � Questionnaire

After finishing the verification of the data glove system, the 
participants were asked to fill out an 8-item questionnaire 
containing questions related to the comfort and use of the 
data glove. The responses of all items could range from 1 
(strongly disagree) to 5 (strongly agree). The questionnaire 
is shown in Table 2. The tasks mentioned in item 7 of the 
questionnaire is to ask the patients to perform the grip task, 
thumb task, and card turning task, proposed in [8]. The 

Fig. 11   Dynamic angle verification operation

Fig. 12   Verification of IMU sensor data using LPMS-B

Table 1   Result of static angle verification

Angle of protractor (°) Measured ROM (°) Error (°)

24 23 1
43 42 1
57 56 1
78 76 2
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total time of conducting the three tasks are approximately 
5.5 min, and real conducting time depends on the hand func-
tion of the subjects.

Table 3 lists the feedback results from 15 healthy partici-
pants and 15 participants with stroke. All of the question-
naires were approved by the Institutional Review Board (IRB 
No.10102-019) of Chi Mei Hospital. A mean score for each 
question was computed across healthy participants and those 
with stroke. The scale resulted in an overall score of 1–5, 
with a higher score indicating a more favorable feedback.

5 � Discussion

This study presents a data glove with a modular design. 
This data glove can accurately record finger movements 
during physical rehabilitation tasks. Several verifications 
were conducted to evaluate the output of the data glove. 
The first evaluation was raw data validation. The average 
correlation between the acceleration and angular velocity 
of LPMS-B and the IMU sensors on the data glove were 
both over 0.9, which is a high correlation, indicating that the 
data from the data glove are reliable. The second evaluation 
was static angle validation, which revealed a low error rate 
(≤ 2°) between the measured ROM and the actual ROM, 
indicating that the ROM calculated from the algorithm was 
accurate and reliable. The final evaluation was dynamic 

angle validation, which established the stability and accu-
racy of the ROM measurement during repeated active finger 
movements. In the clinical setting, most rehabilitation tasks 
require repeated active movements. Thus, our data glove 
system can be used in actual rehabilitation settings.

After conducting the system validation, healthy partici-
pants and those with stroke were asked to fill out a question-
naire to gauge their comfort and experience while wearing 
the data glove. Although the mean scores of participants 
with stroke were lower than those of the healthy participants, 
the mean scores of all questions were higher than 4 points, 
showing that most of the participants were able to wear the 
data glove easily and comfortably. Item 6 (“I used to do well 
in sports.”) had the lowest score; however, item 6 only con-
sidered the ability to do exercise, which is different among 
participants, and not related to the design of the data glove. 
Therefore, the overall result shows that the data glove was 
comfortable, suitable for, and acceptable to all participants.

Table  4 compares our data glove system with other 
data glove systems. Kortier et al. developed a data glove 
to accurately assess the full kinematics of hands and fin-
gers [6]. Their research was able to measure finger attitudes 
accurately during dynamic movement. However, their data 
glove was only able to transmit its data through a USB inter-
face, which was prone to be restricted by the environment. 
Choi et al. developed a data glove with a fast orientation 
algorithm to effectively calculate the Euler angles [2]. But 
their data glove produced higher error than the proposed 
data glove. Furthermore, their data glove only conducted 

Fig. 13   Dynamic angle verifica-
tion results

Table 2   Content of questionnaire used to evaluate data glove

Item

1. The glove was comfortable to put on.
2. The glove did not feel too cold or too hot.
3. The glove was comfortable to put on or remove.
4. I felt free to bend my fingers as though I were not wearing the 

glove.
5. The glove did not feel slippery during the tasks.
6. I used to do well in hand-related sports. (badminton, tennis, table 

tennis, etc.)
7. Wearing the glove during tasks was not painful.
8. I feel physically energetic.

Table 3   Statistical results of the questionnaire

Question Healthy subjects Stroke subjects

1 5.00 4.93
2 4.93 4.93
3 4.67 4.40
4 4.33 4.20
5 4.73 4.53
6 4.33 4.00
7 5.00 5.00
8 5.00 4.93
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static verification and was not appropriate for rehabilitation. 
Fang et al. also proposed a data glove for motion capture 
[4], which was able to present the user’s motion in software 
easily. However, it was not modular and repair was difficult. 
The most crucial problem is that all of these three methods 
used magnetometer sensors, which are easily affected by 
environmental magnetic fields. However, our data glove sys-
tem only contains accelerometers and gyroscopes and is thus 
independent of the environment, including small changes in 
the magnetic field. Moreover, most of the recently proposed 
data glove systems do not provide a modular design and 
cannot be repaired easily. Our system provides a modular 
design that enhances its flexibility and maintainability and 
has been fully verified to ensure its reliability.

The proposed modular data glove can be used in vari-
ous medical applications, such as rehabilitation and hand 
function assessment. In 2017, this data glove had been used 
to assess the hand function of patients with stroke for veri-
fying its practical use [8]. However, this is just one of the 
applications. In the future, the data glove will be applied 
in rehabilitation and hand function assessments for various 
kinds of diseases or injuries, such as Parkinson’s disease or 
essential tremor.

6 � Conclusions

In this study, a data glove with 6-axis sensors for capturing 
hand kinematics was developed. This modular design can 
be adjusted to be worn by users with various hand sizes 
and characteristics. Full verification—including raw data, 
static angle validation, and dynamic angle validation—was 
conducted to verify the reliability and accuracy of the sen-
sor fusion algorithm, showing high accuracy and usability 
in clinical settings. Also, results of the (healthy and stroke) 
participant questionnaire regarding the comfort of the data 
glove revealed that all of the participants had high opinions 
of the data glove. Our proposed data glove is superior to 
various recently proposed systems and provides more flex-
ibility with its modular design.

Future studies using our data glove system should con-
duct clinical experiments and correlate motion parameters 
with clinical parameters. Such studies could be provided to 

physicians for evaluation. Moreover, the fusing algorithm 
can be improved to reach higher accuracy in real clinical 
settings
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