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Abstract: With the development of virtual reality (VR) interaction technology, data glove has be-
come one of the most popular devices for human-computer interaction. It’s valuable to design
high-sensitive and flexible sensor for data glove. Therefore, a low-cost data glove based on self-
compensating elastic optical fiber sensor with self-calibration function is proposed. The tunable and
stretchable elastic fiber was fabricated by a simple, economical and controllable method. The fiber
has good flexibility and high stability under stretching, bending and indentation deformation. The
optical fibers are installed in the sensor in a U shape with a bending radius of 5 mm. Compared with
the straight fiber, the response sensitivity of the U-shaped fiber to deformation is increased by about
7 times at most. The reference optical fiber is connected to the sensor, which effectively improves
the stability and accuracy of the sensor system. In addition, the sensors are easy to install so that the
data gloves can be customized for different hand shapes. In the gesture capture test, it can respond
quickly and guide the manipulator to track the gesture. This responsive and stable data glove has
broad development potential in motion monitoring, telemedicine and human-computer interaction.

Keywords: elastic fiber; data glove; self-compensation; flexible sensor; human-computer interaction

1. Introduction

Recently, with the development of virtual reality (VR) interaction, researchers are in-
creasingly keen on flexible, stretchable and wearable sensor devices that can track complex
human movements [1–9]. Since the human hand has more than 20 degrees of freedom, it has
flexible functions in communication and operation [10] and can transmit a large number of
information. It is one of the body’s most important organs for communicating with the out-
side world. Data gloves have become one of the most popular devices of human-computer
interaction, widely used in medical, education, games and other fields [11–15].

Currently, some data glove devices based on point tracking and recognition technol-
ogy [16,17], computer vision technology [18,19], FBG sensor technology [20,21] and inertial
sensor technology [22,23] have been proposed. However, data gloves based on the above
technologies have different disadvantages. In point tracking and recognition technology,
optical, acoustic and electromagnetic marker points are mainly used. However, optical
markers are easily obscured during hand movements. Acoustic and electromagnetic marker
point technology also have certain limitations, such as susceptibility to electromagnetic
interference and low resolution. Data gloves based on computer vision technology need to
work in specific system operating environment and ambient light conditions. FBG sensors
have high sensitivity and accuracy. However, the complexity of measurement system
restricts its development in the field of data glove. The data glove based on inertial sensor
has fast response in gesture capture. However, inertial sensors are not suitable for working
for a long time due to the accumulated measurement error. In addition, to fully capture the
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movements and senses of the hand, data gloves based on the above technologies would
need to have multiple sensors embedded in each finger. This fusion of sensors increases
the complexity of the data glove system and reduces its portability and utility.

In addition to the traditional technologies mentioned above, the application of elastic
fiber optic sensors in data gloves has attracted extensive attention because of their advan-
tages such as stretchable, small size, high sensitivity, fast response and anti-electromagnetic
interference [24,25]. So far, elastic optical fiber sensors have been widely used in various
practical applications due to the low-cost, scalable, simple and diverse production methods
of elastic material fibers [26–30]. Among them, Leber et al. developed a thermo-plastic
optical fiber sensor for detecting extreme deformations through the wavelength-dependent
changes in light transmission [31]. The fabricated fibers were able to reversibly maintain
strains of up to 300% while guiding light. Yang et al. reported a sensor based on dye-
doped PDMS fiber [32], which has good durability, reliability and long-term stability. The
tensile strain can be measured quantitatively according to the change of light absorption
through dye-doped fiber. The sensor has a linear and repeatable response over a wide
dynamic range of up to 100%. In 2019, Sheng et al. reported a graphene-supplemented
PDMS fiber [33]. The fiber has excellent strain sensing performance, high sensitivity, tensile
range up to 150%. In 2022, Gan et al. reported a stretchable optical sensor with strain
decoupling capability [34]. The stretchable fiber is made of fluorescent nanoparticles and
silicone-based elastomers, which can achieve efficient excitation light transmission and
fluorescence collection. These studies have expanded the application of optical sensors
such as elastic fiber sensors in the field of wearable devices. However, optical sources used
in fiber optic sensors are often disturbed by factors such as current fluctuations, which
can not be ignored. This is especially true for mobile devices with their own batteries.
As shown in Figure 1a, the aging of the battery reduces the current to the optical source,
which leads to the change of light intensity and brings errors to the measurement system.
Therefore, for further meet the requirements of wearable devices for sensor stability and
reliability, it’s crucial to take effective and easy to implement measures to reduce the system
error caused by the unstable optical source. Furthermore, low-cost and tractable flexible
sensors with fast response, high sensitivity and super-stability are very necessary for the
construction of user-friendly intelligent wearable devices.
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Hereby, a low-cost data glove based on a self-compensating elastic optical fiber sensor
with self-calibration function is proposed for gesture capture. The tunable and stretchable
elastic fiber was fabricated by a simple, economical and controllable method. Figure 1b
shows that the elastic optical fiber has good flexibility and stability. It can not only maintain
outstanding sensing properties at 10 ◦C to 50 ◦C, but also exhibit high stability after
deformation such as stretching, bending and indentation. An additional communication-
grade plastic fiber (attenuation less than 180 dB/km) is connected to the sensor as a
reference signal (Figure 1c). The reference fiber can effectively reduce the error of the sensor
system. The structure diagram of the data glove is shown in Figure 1d. The optical fibers
are installed in the sensor in a U shape with a bending radius of 5 mm. Compared with the
straight fiber, the response sensitivity of the U-shaped fiber to deformation is increased by
about 7 times at most. In addition, the sensors are easy to install so that the data gloves
can be customized for different hand shapes. To sum up, the production process of the
data glove is simple, the sensor component is universal, and the low-cost glove enables
real-time monitoring of finger movements(the actual price of each component is recorded
in Table S1). This will facilitate the development of data gloves in areas such as motion
monitoring, telemedicine and human-computer interaction.

2. Materials and Methods
2.1. Materials and Instrumentation

Double additive liquid silicone rubber, double component Room Temperature Vulca-
nized (RTV) silicone, demoulding agent, acrylic hollow tube, heat shrinkable tube and a
number of positioning plugs, vacuum pressure pump (Yancheng ricky labora-tory Instru-
ment Co., Ltd., Yancheng, China, 10 L/min), syringes (Weihai Wego Medical Systems Co.,
Ltd., Weihai, China, 10 mL) and electric blast drying oven (Tianjin Hongnuo instrument
Co., Ltd., Tianjin, China, 101-00BS). The stepper motor (Beijing Times Chaoqun Electrical
Technology Co., Ltd., Beijing, China, CBX1605-150) was used to generate tensile strain for
the flexible optical fiber. The sliding table (Taihe Qicheng Hardware & Building Materials
Co., Ltd., Taihe, China, RS60-L) was used to apply bending and torsional strains on the
flexible optical fiber. The tension meter (Wenzhou Wanda Electronics Co., Ltd., Wenzhou,
China, WDF-100) was used to apply side force on the flexible optical fiber.

2.2. Fabrication of Elastic Optical Fiber

Bending, stretching and other deforms lead to changes in the propagation path of light
in the fiber, which cannot meet the conditions of total internal reflection. The radiation
mode in the fiber replaces the transmission mode, so that a part of the light is scattered
through the cladding, resulting in loss. The natural movement of the hand is a regular
movement with internal constraints: the movement of the three phalanx bones of the
fingers is in the same plane, and the muscle and skin and other soft tissues of the hand
make the movement of one knuckle must cause the joint movement of adjacent knuckles.
In this case, the degree of finger bending can be determined by measuring the total loss of
the whole finger.

The elastic fiber in this work is a double-layer coaxial cylindrical rubber structure.
The core layer and cladding layer were made of silicone rubber with different refractive
index (Core: room temperature vulcanized (RTV) silicone rubber, RI = 1.413; Cladding:
two-component liquid silicone rubber, RI = 1.411). The cross section diameters of the fiber
core and the whole fiber are 1.5 mm and 2.9 mm respectively, and the length of the fiber is
40 cm. The manufacturing process of elastic fibers is shown in Figure 2a. The process of
making the cladding first and then filling the core into the cladding is adopted. This way
can not only reduce the interference of external debris in the production process, but also
simplify the production process.
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The solvent and crosslinking agent are mixed according to the weight ratio of 10:1.
After stirring fully, the liquid is put into the vacuum pressure pump for foaming. Inject the
defoaming liquid into syringes A and B and let it stand at room temperature until there
are no bubbles in the liquid (bubbles can affect the refractive index and toughness of the
fiber). To facilitate release after curing, we spray oil release agent evenly on the inside
of the outer mold (inner diameter: 2.9 mm acrylic hollow tube) and the outside of the
inner mold (inner diameter: 1.5 mm heat shrinkable tube) and the surface of the fixed plug.
After 20 s, place the inner mold in the outer mold and secure it with a fixed plug to ensure
that the inner mold is centered in the outer mold. The defoaming cladding solution was
injected into the interlayer between the outer mold and the inner mold with syringe A and
placed at room temperature until the liquid was completely cured. Then the drying oven is
heated to 100 ◦C, and the inner mold is pulled out when it shrinks to 1/4 of its diameter.
The resulting stretchable transparent hollow tube is the cladding of the elastic fiber. The
solution in syringe B is injected into a hollow tube, which is prone to tiny bubbles. So let
it stand until the air bubbles are drained. When the bubbles are completely drained, the
fibers were placed in a drying oven at 80 ◦C to complete curing. Then the elastic fiber was
pulled out of the outer mold. Figure 2b is the elastic fiber after fabrication, which can be
stretched and bent at will and has certain toughness and recoverability.

2.3. Installation of the Elastic Fiber Sensors into Data Glove

There are many uncertainties in the use of data gloves, such as the effect of the cartilage
tissue of the hand on the sensor. Elastic fiber is a kind of force sensitive material in nature,
and even the slightest interference will affect the transmission of light in it. Therefore, it is
necessary to fit the user’s hand as closely as possible when installing the elastic fiber.

As shown in Figure 1d, a U-shaped elastic fiber sensing structure is designed. Com-
pared with the straight fiber, the U-shaped structure effectively increases the attachment
point of the fiber on the glove surface, which enhances the sensing ability of the data glove
to very small deformations. The elastic fiber twice the length of a finger was folded in
half through a 5 mm shaft wheel. Instead of mounting the fiber directly on the glove, it is
placed in a latex tube. The latex tube is then glued to the glove. Such a design can not only
increase the deformation area of the elastic fiber, disperse the pressure at the knuckle, and
increase the life of the fiber, but also prevent the relative displacement in each use under
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the condition of fitting the user’s finger. The U-shaped design amplifies the tiny bends of
the finger during data acquisition, increasing the sensitivity of the data glove. To enhance
the bonding strength between the latex tube and the glove, the latex tube was treated with
surface treatment agent before bonding, and then bonded with silica gel special soft glue,
which not only ensured the softness of the glove, but also increased the accuracy of the
sensor to collect finger movement, and prevented some unnecessary interference.

The elastic fiber sensors quantify the deformation of the fiber by measuring the total
optical loss of the entire finger during propagation. In order to ensure the portability
of the data glove, we choose 5 mm ultra-bright light-emitting diode wire lamp beads as
the optical source, two button batteries provide power for it, and an 8-megapixel micro
camera is used to collect the gray value changes of the fiber section. An additional 5 cm
communication-grade plastic fiber (attenuation less than 180 dB/km) is installed between
the optical source and the camera to compensate for changes in light intensity caused by the
gradual decline of battery power during use. The entire acquisition module is encapsulated
in black acrylic sheets to prevent interference from external light and lamp pearlescent
sources. Epoxy putty is used for the internal fixed camera and elastic optical fiber to ensure
that the data glove can still collect data stably during use. The elastic fiber optic sensor can
be adapted to different types of textile gloves because its components are easy to install,
which allows our data gloves to be customized for different hand shapes.

3. Results and Discussion
3.1. Properties Characterization of Elastic Fiber

To examine the mechanical and optical properties of the fibers, tensile, bending and
indentation tests were performed. And the results were analyzed by normalized spectral
analysis. The optical fiber is mounted on the data glove in a U-shaped bending state as
shown in Figure 3a. It is important to select the appropriate bending radius to avoid
extinction to meet the sensor requirements. Therefore, the normalized spectrum at different
bending radii were measured. Figure 3b shows that the light passing through the elastic
fiber decreases as the bending radius decreases. As the deformation sensor uses 5 mm
ultra-bright LED wire red lamp bead as the optical source, we choose the bending radius-
normalized light intensity relation diagram at 650 nm (Figure 3c). It can be seen that at
least 30% of the light can still pass through the fiber when the bending radius of the fiber
is reduced from infinity to 2.5 mm, which is a necessary condition for the fiber to be used
for sensing. Based on the results of the bending test and the design of the data glove,
we decided to install the optical fiber on the data glove with a bending radius of 5 mm.
Therefore, to evaluate the mechanical properties of the fiber under bending condition, the
strain-normalized light intensity curve of the fiber under folding condition was measured at
650 nm. As shown in Figure 3d, the mechanical integrity of the fiber can still be maintained
under 100% tensile strain. When the strain is between 100% and 110%, the extinction point
A appears in the strain normalized light intensity curve of the fiber. The point A indicates
that the fiber extinction occurs when the elongation is greater than 100%, but there is no
fracture phenomenon.

To characterize the optical properties of the fiber, the fiber was successively shortened
from 20 cm to 10 cm and the normalized light intensity was measured to quantify the
propagation loss(the relevant measurement methods are shown in Figures S1–S3). In
Figure 3e, the normalized light intensity decreases with increasing fiber length, which is
due to the longer path of light through the attenuating medium due to increasing fiber
length. In the indentation test, a pressure of 10 to 100 N was applied sequentially on the
side of the fiber at 10 N intervals, and the pressure-normalized light intensity curves were
obtained (Figure 3f). Figure 3f shows that the light passing through the fiber decreases
as the pressure increases. In order to more intuitively express the relationship between
optical loss in the fiber and the pressure on the fiber, the pressure-normalized light intensity
relationship diagram at 650 nm was selected, as shown in Figure 3g. The transmission loss
of optical fiber caused by side pressure is caused by the fact that the propagation path of
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light does not satisfy the condition of total internal reflection. However, the results show
that our elastic fiber can still pass through about 30% of the light when subjected to 50 N
pressure. This indicates that the fiber used for sensing is highly resistant to lateral pressure.
In addition, the deformation sensor mounted on the data glove will hardly be subjected
to more than 30 N pressure in practical applications. Even so, during the use of the data
glove, the optical fiber should be protected from side pressure as much as possible.
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After examining the mechanical and optical performance of the elastic fibers, we
evaluated the optical response of the fibers to perturbations caused by repeated bending
and stretching. To test the bending response, we bent the fiber from the straight state to
the bending radius of 5 mm, and then returned to the straight state as a cycle as shown
in Figure S4. After 100 cycles, the normalized spectrum of the fiber was measured after
each cycle, as shown in Figure 4a. During 100 cycles of bending, the normalized intensity
distribution in the fiber remains above 0.98, which means that the loss is only 2%. In the
tensile cycle test, the tensile strain from 0% to 50% and then back to 0% was defined as one
cycle. As seen in Video S1, a fiber with a bending radius of 5 mm was stretched repeatedly
over 100 cycles. And the normalized spectrum of the fiber was measured after each cycle, as
shown in Figure 4b. During 100 cycles of stretching, the normalized intensity distribution
in the fiber remains above 0.94. The light intensity drops directly from 1.00 to 0.98 after the
first cycle. This phenomenon is attributed to the Mullins effect. The Mullins effect describes
the phenomenon of stress softening and hysteresis in elastic materials [35]. Therefore, to
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eliminate the Mullins effect, each fiber was pretreated with at least 100 cycles of stretching
before being attached to the sensor. In fact, the strain applied during pretreatment should
be higher than the maximum strain that can be encountered during the sensor’s use. The
above two experiments indicate that the fiber is highly stable after bending and stretching
deformation, which ensures the reproducibility of the experimental results.
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is bent 100 cycles with a bending radius of 5 mm. (b) Tensile test of the U-shaped elastic fiber being
stretched 100 cycles at the strain range 0~50%. (c) Comparison of sensing performance between
straight and U-shaped elastic fibers during strain increase from 0 to 50% and back to 0. Tensile
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(d) 10 ◦C, (e) 20 ◦C, (f) 30 ◦C, (g) 40 ◦C, (h) 50 ◦C. (i) The average normalized light intensity curve at
650 nm for five temperatures.

To examine the influence of U-shaped structure on sensor performance, relevant tests
were conducted to compare the sensing performance of the 10 cm straight fiber and the
10 cm U-shaped fiber. We applied the tensile strain from 0% to 50% and then back to
0% to the fibers of the two forms at the interval of 10% elongation, and measured the
relationship between the light intensity and the strain in the fibers of the two forms. It can
be seen from Figure 4c, in the process of stretching, the light in the elastic fiber will change
simultaneously with the change of tensile strain, which is a necessary condition for the
deformation sensor to be able to complete the sensing task. In addition, the sensitivity of
light response to strain in the U-shaped fiber is up to 7 times higher than that in the straight
fiber. This indicates that the fiber in the bent state has a higher strain response sensitivity,
which is the most important reason to install the fiber in the bent state on the glove. In
order to evaluate the influence of tensile strain on optical properties of U-shaped fiber, the
U-shaped fiber was stretched for 50 cycles at 10–50 ◦C above zero within the strain range
of 0%~50% at 10 ◦C intervals, and the normalized spectrum of the fiber after each cycle
was measured (Figure 4d–h). The cycling process at 10 ◦C is shown in Figure 4d. During
50 cycles of stretching, the normalized light intensity in the fiber is kept between 0.95 and
1.00, and only 5% of the normalized light intensity is lost. As can be seen in Figure 4e, when



Polymers 2023, 15, 100 8 of 14

the temperature rises to 20 ◦C, the light in the fiber loses at most 10% after 50 cycles of
stretching. Similarly, Figure 4f–h show that the light loss in the fiber does not exceed 15%
at most during the cycle at temperatures of 30 ◦C, 40 ◦C, and 50 ◦C. To compare the results
at different temperatures more intuitively, the average normalized light intensity at 650 nm
was selected at 5 temperatures, as shown in Figure 4i. Obviously, the loss after the cycle
will gradually increase with the rise of the ambient temperature. However, at temperatures
below 50 ◦C, the light loss does not exceed 15%. As a result, our elastic fiber still exhibits
extremely high stability in the bent state when operating at temperatures ranging from 0 to
50 ◦C.

In summary, temperature variation, bending, stretching, indentation and other defor-
mation may cause certain optical loss. When the temperature is lower than 50 ◦C, the loss
caused by stretching is small, and the fiber shows high sensing stability. In addition, elastic
fibers can maintain their sensing properties after bending and indentation deformation.
The elastic fiber can not only exhibit high stability, but also ensure that the optical signal
changes with the change of shape variables in the deformation process, which is the basis
of realizing optical fiber sensing. Most importantly, compared with the straight fiber, the
response sensitivity of the U-shaped fiber to deformation is increased by about 7 times
at most.

3.2. Data Collection and Processing

In order to more clearly observe the process of quantifying finger deformation with
data glove, Raspberry Pi (RPi) manipulator (6 degrees of freedom) is selected as the control
and gesture tracking display platform. In the RPi environment, Python is used to process
the gray value information in the data glove. The whole process can be divided into two
modules: data collection and data processing. The processed information is transmitted to
the RPi system in real time, and then the manipulator displays the gesture tracking effect
of the data glove. It can be seen from Figure 5, the data collection and processing process
includes initialize settings and data processing.
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3.2.1. Initialize Settings

Since each person’s hand shape and the initial value of the optical source are various,
the initial state of wearing gloves may not be consistent each time. Therefore, it’s essential to
adjust the zero position and amplitude of the sensor when using the data glove. During the
adjustment process, a series of specific gestures need to be made in advance to obtain a value
that matches the shape of the hand, so as to obtain a mild mapping relationship between
the manipulator steering gear and the data glove, which is the premise of data processing.
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3.2.2. Data Processing
Fine-Tuning for Robustness

In data acquisition and glove data processing, the response speed, accuracy and ro-
bustness of the control system are the key factors to determine the system performance.
Gesture capture requires the system to respond in time and accurately transmit data to the
manipulator, so an appropriate and effective algorithm is necessary. When encountering
some abnormal situations, it is particularly important for the system to maintain stable
robustness. It can be seen in Figure 6, in the process of using gloves, the mapping rela-
tionship was fine-tuned three times to avoid the mapping relationship deviation caused
by the inaccurate maximum and minimum gray value and amplitude obtained in the
pretreatment. In order to ensure the stability and robustness of the system (there are some
abnormal situation, for example, the data glove is subjected to external force and the value
of the sudden change), a series of judgments and settings are necessary before fine-tuning
the mapping relationship. When the fluctuation of limit gray value exceeds 50%, the system
will conduct statistics on the occurrence of such limit value. The adjustment can be made
only if the limit value fluctuates within 5% for five times.
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Principle of Self-Compensation

It is difficult to replace the battery in time during data glove use. So as the battery’s
power dwindles, the current to the optical source decreases, causing it to emit less light.
This directly reduces the light in the fiber, which leads to the acquisition of the cross-
sectional gray value less than the theoretical value by the data acquisition camera. This will
greatly increase the error of gesture capture experiments. To compensate for this error due
to battery aging, an additional 5 cm communication-grade plastic fiber (attenuation less
than 180 dB/km) was installed between the optical source and the data acquisition camera
as a control. In gray image, brightness is equivalent to gray level. Therefore, we define the
corrected gray scale (Gc) and express it as follows:

Gc =
Li(I0 − Ir)

I0
+ Ii (i = 1, 2, 3, 4, 5) (1)

where, I0 represents the initial luminance of the plastic reference fiber section, which is
approximately equal to the initial luminance of the optical source. Ir represents the real-
time brightness of the plastic reference fiber section, which is approximately equal to the
real-time brightness of the optical source. When i = 1,2,3,4,5, Li and Ii represent the initial
and real-time luminance of the fiber section corresponding to each finger, respectively.
In the data glove design, five optical fibers for sensing and a plastic reference fiber are
mounted between the same data acquisition camera and the same optical source. When the
brightness of the optical source decreases during the application of the sensor, the cross-
sectional brightness of the five sensing fibers decreases proportionally with the brightness
of the optical source. This decrease of the same proportion can be eliminated by conversion
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through Equation (1), and the corrected gray value close to the theoretical value can be
obtained. This makes up for the experimental error caused by battery aging, which is
extremely important for the data glove to give users a good experience.

To verify the effectiveness of the self-compensation function, relevant tests were carried
out to study the influence of current (the main factor affecting the stability of the optical
source) on the sensor system. The current is regulated by increasing the number of resistors
(750 Ω each) in the optical source circuit. The gray curve of three same optical sources
without reference fiber was measured. Then, Equation (1) is used to process these three
groups of data, and three modified gray curves are obtained. As can be seen from Figure 7a,
when there is no reference fiber, the current fluctuation has great influence on the sensor
system. By introducing the reference fiber into the sensor system, the experimental error
caused by current fluctuation can be compensated. The test results show that the reference
fiber can effectively improve the stability and accuracy of the system, which is consistent
with the theoretical analysis results above.
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Figure 7. (a) Comparison between the brightness of the optical source without reference fiber and the
brightness of the optical source after self-compensation processing during use. (b) Gray value curves
of elastic fibers of five fingers under six consecutive different gestures. (c) The index finger is bent
6 times of different amplitude, and the bending radius is gradually increased until it is completely
straight. (d) The average gray value curve of the index finger in the process of repeatedly bending
and stretching 50 cycles.

Intelligent Prediction

Because the hand has muscles, skin and other soft tissues, the movement of one finger
may affect the output of adjacent sensors that are not moving, causing the manipulator
to make the wrong action. To solve this problem, we repeated the gesture capture test
and found that it followed a pattern. For example, even though the ring and index fingers
don’t move, their corresponding sensors respond to the bending of the middle finger.
This phenomenon can be “predicted” before test, so intelligent prediction is added to the
program to correct these errors. The intelligent prediction is divided into single finger
movement and finger combination movement.
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Single finger movement. Two kinds of tests were carried out, namely continuous
movement of single finger and cyclic action of each finger, to collect the changes of corre-
sponding gray values and form a set of data. Then the gray value changes of the implicated
fingers were found and recorded. In the whole test, if the implicated cases reached more
than 90% of the whole, they would be included in the compensation set.

Finger combination movement. It involves two fingers, three fingers and four fingers
combined movement. Include all possible gestures, collect each gesture repeatedly, record
the change of the corresponding gray value, and also find the implicated fingers. If
the implicated cases reach more than 90% of the whole, they will be included in the
compensation set.

In formal gesture tracking, when the data glove makes an action, the system will cap-
ture the finger that has changed significantly, and then it will search for the corresponding
situation in the compensation set. If it is found, it indicates that there is finger involvement,
and the gray value of the implicated finger will be compensated to some extent. After
extensive testing and data analysis, a variety of similar situations are collected to form
an action-related recognition library. According to these error patterns, the compensation
function relationship can be obtained to reduce the misjudgment of fluctuation. In data
processing, the fast response of data is extremely important to the system, which is directly
related to the real-time tracking of hand gestures. In addition, the fast response of the
sensor mainly depends on the collected frame rate of the camera. The 8-megapixel camera,
with a dynamic frame rate of 25 fps, can collect data 18 times per second and contain 90 data
points to ensure fast response of data.

3.3. Gesture Capture Tests

The interface of the data glove can be connected to the console of the manipulator,
and the collected gray value is used as the password to guide the manipulator to complete
gesture capture. The sensing performance of the data glove is tested in two states: static test
and dynamic test. The static test is to observe whether the gray value of the fiber section
changes accordingly when the data glove makes corresponding gestures, so as to under-
stand the accuracy of the elastic fiber quantifying finger bending more clearly. The dynamic
test evaluates the real-time performance and stability of the sensor by photographing the
gesture tracking effect of the manipulator.

3.3.1. Static Test

In the static test, six consecutive actions were captured to observe the variation of
the gray value of the elastic fiber under different gestures. As shown in Figure 7b, with
the change of gesture, the change of corresponding curve can be obviously observed. The
bending of the finger causes the fiber to deform and thus cause radiation loss. As a result,
the gray value of elastic fiber section decreases. When the finger is gradually extended, the
gray value returns to the initial value. When holding a gesture constant, the gray value will
also remain the same. Because the length of elastic fiber is different, and the packaging force
of the packaging material is different to the elastic fiber, the gray value amplitude interval
is different. But this difference is only reflected in the value of the maximum and minimum
gray value. Each elastic fiber almost follows the same law in the overall trend of change. It
is worth noting that when one finger is bent, the corresponding curve of the other fingers is
likely to fluctuate, rather than a straight line as expected. It’s caused by the physiology of
the hand. The motion of each knuckle is not independent. When making different gestures,
there is a correlation between the fingers. However, the associated fluctuations are not
significant enough to affect the use of data gloves.

To observe the process of elastic fiber quantization finger in detail, the index finger
was selected as a representative, and six extension ranges were selected, from clenching-
extension-clenching, and the extension range gradually increased until the complete exten-
sion. As can be seen in Figure 7c, with the stepwise increase of finger extension amplitude,
the corresponding gray value also increases stepwise. In addition, during the use of the
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data glove, the elastic fiber will be repeatedly affected by the pressure caused by bending,
so it is also important to verify whether the elastic fiber can maintain high stability in the
glove. Therefore, in the process of repeatedly bending and extending the index finger for 50
times, the average gray value curves are shown in Figure 7d. After 50 cycles, the fluctuation
error of gray value is not more than 5%, that is, it is kept in a stable interval.

3.3.2. Dynamic Test

To evaluate the repeatability and reproducibility of the data glove, the static test
actions were repeated with the data glove three cycles during the dynamic test. As shown
in Video S2, the data glove exhibits excellent repeatability and reproducibility in dynamic
test. And the video screenshots of Video S2 are shown in Figure 8. During the dynamic
process, the data glove can accurately identify and track the change of hand gestures in
real time, and then guide the manipulator to make the correct action. The time delay of the
data glove is about 0.4 s. In addition, increasing the data collection frequency can further
reduce the delay. Therefore, our data glove can fully meet the real-time interaction with the
manipulator. We believe it has a bright future in virtual reality interactions.
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Figure 8. Video screenshots of Video S2. The manipulator tracks the gestures of the data glove in
real-time.

4. Conclusions

The proposed data glove based on self-compensating elastic fiber optic sensor with
self-calibration function. The stretchable elastic silicone rubber fiber was manufactured
by simple, stable, economical and controllable method. The light loss of the optical fiber
is not more than 2% when the optical fiber is repeatedly bent 100 cycles with a bending
radius of 5 mm. The U-shaped fiber has good repeatability and mechanical stability in
0~100% tensile strain. In an environment below 50 ◦C, the loss of the fiber in U shape is
less than 15% after repeated stretching 100 cycles in the strain range of 0~50%. The fiber
has strong resistance to the side pressure, and can still pass about 30% of the light when
subjected to 50 N side pressure. Compared with the straight fiber, the response sensitivity
of the U-shaped fiber to deformation is increased by about 7 times at most. An additional
communication-grade plastic optical fiber (attenuation less than 180 dB/km) is connected
to the sensor as a reference signal. The reference fiber can effectively reduce the error of
the sensor system. In addition, the sensors are easy to install so that the data gloves can
be customized for different hand shapes. In the gesture capture test, the data glove can
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accurately identify and track the change of hand gestures in real time, and then guide
the manipulator to make the correct action. The data glove is structurally stable, easy to
manufacture and customizable. It can quickly, accurately and efficiently capture finger
joint motion. It has broad development potential in motion monitoring, telemedicine and
human-computer interaction. We believe that with the continuous development of virtual
reality interactive technology, the application area of data glove will be further expanded.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15010100/s1, Table S1: The actual price of each component
of the data glove. Figure S1: Elastic fiber with different bending radius. Figure S2: The measurement
process of the maximum stretching range of U-shaped fiber. Figure S3: The physical picture of the
indentation test. Figure S4: The definition of a cycle in a bending cycle test. Video S1: dynamic
demonstration of cyclic stretching. Video S2: gesture tracking demonstration of manipulator and
data glove.

Author Contributions: Conceptualization, H.Y. and D.Z.; methodology, H.Y. and D.Z.; formal
analysis, H.Y. and D.Z.; data curation, H.Y. and D.Z.; writing—original draft preparation, D.Z.;
writing—review and editing, Y.L. and S.C.; supervision, Y.L. and X.W.; funding acquisition, Y.L., S.C.
and W.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities
(DUT21LK20 and 3132022220) and National Natural Science Foundation of China (61727816).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, X.; Dong, L.; Zhang, H.; Yu, R.; Pan, C.; Wang, Z.L. Recent Progress in Electronic Skin. Adv. Sci. 2015, 2, 1500169. [CrossRef]

[PubMed]
2. Gao, W.; Ota, H.; Kiriya, D.; Takei, K.; Javey, A. Flexible Electronics toward Wearable Sensing. Acc. Chem. Res. 2019, 52, 523–533.

[CrossRef] [PubMed]
3. Xu, K.; Lu, Y.; Takei, K. Multifunctional Skin-Inspired Flexible Sensor Systems for Wearable Electronics. Adv. Mater. Technol. 2019,

4, 1800628. [CrossRef]
4. Jeong, J.W.; Yeo, W.H.; Akhtar, A.; Norton, J.J.; Kwack, Y.J.; Li, S.; Jung, S.Y.; Su, Y.; Lee, W.; Xia, J.; et al. Materials and optimized

designs for human-machine interfaces via epidermal electronics. Adv. Mater. 2013, 25, 6839–6846. [CrossRef] [PubMed]
5. Jayathilaka, W.; Qi, K.; Qin, Y.; Chinnappan, A.; Serrano-Garcia, W.; Baskar, C.; Wang, H.; He, J.; Cui, S.; Thomas, S.W.; et al.

Significance of Nanomaterials in Wearables: A Review on Wearable Actuators and Sensors. Adv. Mater. 2019, 31, e1805921.
[CrossRef] [PubMed]

6. Xie, M.; Hisano, K.; Zhu, M.; Toyoshi, T.; Pan, M.; Okada, S.; Tsutsumi, O.; Kawamura, S.; Bowen, C. Flexible Multifunctional
Sensors for Wearable and Robotic Applications. Adv. Mater. Technol. 2019, 4, 1800626. [CrossRef]

7. Liu, Y.; Pharr, M.; Salvatore, G.A. Lab-on-Skin: A Review of Flexible and Stretchable Electronics for Wearable Health Monitoring.
ACS Nano 2017, 11, 9614–9635. [CrossRef]

8. Yao, S.; Vargas, L.; Hu, X.; Zhu, Y. A Novel Finger Kinematic Tracking Method Based on Skin-Like Wearable Strain Sensors. IEEE
Sens. J. 2018, 18, 3010–3015. [CrossRef]

9. Kim, J.; Campbell, A.S.; de Avila, B.E.; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389–406.
[CrossRef]

10. Choi, J.; Park, J.-I.; Park, H. Twenty-one degrees of freedom model based hand pose tracking using a monocular RGB camera.
Opt. Eng. 2016, 55, 013101. [CrossRef]

11. Liu, J.; Luo, Y.; Ju, Z. An Interactive Astronaut-Robot System with Gesture Control. Comput. Intell. Neurosci. 2016, 2016, 7845102.
[CrossRef] [PubMed]

12. Cappello, L.; Meyer, J.T.; Galloway, K.C.; Peisner, J.D.; Granberry, R.; Wagner, D.A.; Engelhardt, S.; Paganoni, S.; Walsh, C.J.
Assisting hand function after spinal cord injury with a fabric-based soft robotic glove. J. Neuroeng. Rehabil. 2018, 15, 59. [CrossRef]
[PubMed]

13. Song, K.; Kim, S.H.; Jin, S.; Kim, S.; Lee, S.; Kim, J.S.; Park, J.M.; Cha, Y. Pneumatic actuator and flexible piezoelectric sensor for
soft virtual reality glove system. Sci. Rep. 2019, 9, 8988. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/polym15010100/s1
https://www.mdpi.com/article/10.3390/polym15010100/s1
http://doi.org/10.1002/advs.201500169
http://www.ncbi.nlm.nih.gov/pubmed/27980911
http://doi.org/10.1021/acs.accounts.8b00500
http://www.ncbi.nlm.nih.gov/pubmed/30767497
http://doi.org/10.1002/admt.201800628
http://doi.org/10.1002/adma.201301921
http://www.ncbi.nlm.nih.gov/pubmed/24327417
http://doi.org/10.1002/adma.201805921
http://www.ncbi.nlm.nih.gov/pubmed/30589117
http://doi.org/10.1002/admt.201800626
http://doi.org/10.1021/acsnano.7b04898
http://doi.org/10.1109/JSEN.2018.2802421
http://doi.org/10.1038/s41587-019-0045-y
http://doi.org/10.1117/1.OE.55.1.013101
http://doi.org/10.1155/2016/7845102
http://www.ncbi.nlm.nih.gov/pubmed/27190503
http://doi.org/10.1186/s12984-018-0391-x
http://www.ncbi.nlm.nih.gov/pubmed/29954401
http://doi.org/10.1038/s41598-019-45422-6
http://www.ncbi.nlm.nih.gov/pubmed/31320674


Polymers 2023, 15, 100 14 of 14

14. Han, S.; Liu, B.; Wang, R.; Ye, Y.; Twigg, C.D.; Kin, K. Online optical marker-based hand tracking with deep labels. ACM Trans.
Graph. 2018, 37, 1–10. [CrossRef]

15. Devaraj, H.; Giffney, T.; Petit, A.; Assadian, M.; Aw, K. The Development of Highly Flexible Stretch Sensors for a Robotic Hand.
Robotics 2018, 7, 54. [CrossRef]

16. Lee, Y.; Yoo, H. Low-cost 3D motion capture system using passive optical markers and monocular vision. Optik 2017, 130,
1397–1407. [CrossRef]

17. Aristidou, A.; Lasenby, J. Real-time marker prediction and CoR estimation in optical motion capture. Vis. Comput. 2012, 29, 7–26.
[CrossRef]

18. Chaudhary, A.; Raheja, J.L. Light invariant real-time robust hand gesture recognition. Optik 2018, 159, 283–294. [CrossRef]
19. Mazhar, O.; Navarro, B.; Ramdani, S.; Passama, R.; Cherubini, A. A real-time human-robot interaction framework with robust

background invariant hand gesture detection. Robot. Comput.-Integr. Manuf. 2019, 60, 34–48. [CrossRef]
20. Jiang, Y.; Reimer, V.; Schossig, T.; Angelmahr, M.; Schade, W. Fiber optical multifunctional human-machine interface for motion

capture, temperature, and contact force monitoring. Opt. Lasers Eng. 2020, 128, 106018. [CrossRef]
21. da Silva, A.F.; Goncalves, A.F.; Mendes, P.M.; Correia, J.H. FBG Sensing Glove for Monitoring Hand Posture. IEEE Sens. J. 2011,

11, 2442–2448. [CrossRef]
22. Lin, B.S.; Lee, I.J.; Yang, S.Y.; Lo, Y.C.; Lee, J.; Chen, J.L. Design of an Inertial-Sensor-Based Data Glove for Hand Function

Evaluation. Sensors 2018, 18, 1545. [CrossRef] [PubMed]
23. Lin, B.-S.; Lee, I.J.; Chen, J.-L. Novel Assembled Sensorized Glove Platform for Comprehensive Hand Function Assessment by

Using Inertial Sensors and Force Sensing Resistors. IEEE Sens. J. 2020, 20, 3379–3389. [CrossRef]
24. Joe, H.-E.; Yun, H.; Jo, S.-H.; Jun, M.B.G.; Min, B.-K. A review on optical fiber sensors for environmental monitoring. Int. J. Precis.

Eng. Manuf.-Green Technol. 2018, 5, 173–191. [CrossRef]
25. Leal-Junior, A.G.; Diaz, C.A.R.; Avellar, L.M.; Pontes, M.J.; Marques, C.; Frizera, A. Polymer Optical Fiber Sensors in Healthcare

Applications: A Comprehensive Review. Sensors 2019, 19, 3156. [CrossRef] [PubMed]
26. Ali Khan, M.U.; Raad, R.; Tubbal, F.; Theoharis, P.I.; Liu, S.; Foroughi, J. Bending Analysis of Polymer-Based Flexible Antennas for

Wearable, General IoT Applications: A Review. Polymers 2021, 13, 357. [CrossRef] [PubMed]
27. Amza, C.G.; Zapciu, A.; Constantin, G.; Baciu, F.; Vasile, M.I. Enhancing Mechanical Properties of Polymer 3D Printed Parts.

Polymers 2021, 13, 562. [CrossRef]
28. Sobola, D.; Kaspar, P.; Castkova, K.; Dallaev, R.; Papez, N.; Sedlak, P.; Trcka, T.; Orudzhev, F.; Kastyl, J.; Weiser, A.; et al. PVDF

Fibers Modification by Nitrate Salts Doping. Polymers 2021, 13, 2439. [CrossRef]
29. Hou, Z.; Itagaki, N.; Kobayashi, H.; Tanaka, K.; Takarada, W.; Kikutani, T.; Takasaki, M. Bamboo Charcoal/Poly(L-lactide) Fiber

Webs Prepared Using Laser-Heated Melt Electrospinning. Polymers 2021, 13, 2776. [CrossRef]
30. Lv, H.; Guo, S.; Zhang, G.; He, W.; Wu, Y.; Yu, D.G. Electrospun Structural Hybrids of Acyclovir-Polyacrylonitrile at Acyclovir for

Modifying Drug Release. Polymers 2021, 13, 4286. [CrossRef]
31. Fujiwara, E.; Ferreira Marques Dos Santos, M.; Suzuki, C.K. Flexible Optical Fiber Bending Transducer for Application in

Glove-Based Sensors. IEEE Sens. J. 2014, 14, 3631–3636. [CrossRef]
32. Guo, J.; Niu, M.; Yang, C. Highly flexible and stretchable optical strain sensing for human motion detection. Optica 2017, 4,

1285–1288. [CrossRef]
33. Wang, D.; Sheng, B.; Peng, L.; Huang, Y.; Ni, Z. Flexible and Optical Fiber Sensors Composited by Graphene and PDMS for

Motion Detection. Polymers 2019, 11, 1433. [CrossRef] [PubMed]
34. Chen, M.; He, Y.; Liang, H.; Zhou, H.; Wang, X.; Heng, X.; Zhang, Z.; Gan, J.; Yang, Z. Stretchable and Strain-Decoupled

Fluorescent Optical Fiber Sensor for Body Temperature and Movement Monitoring. ACS Photonics 2022, 9, 1415–1424. [CrossRef]
35. Clough, J.M.; Creton, C.; Craig, S.L.; Sijbesma, R.P. Covalent Bond Scission in the Mullins Effect of a Filled Elastomer: Real-Time

Visualization with Mechanoluminescence. Adv. Funct. Mater. 2016, 26, 9063–9074. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1145/3197517.3201399
http://doi.org/10.3390/robotics7030054
http://doi.org/10.1016/j.ijleo.2016.11.174
http://doi.org/10.1007/s00371-011-0671-y
http://doi.org/10.1016/j.ijleo.2017.11.158
http://doi.org/10.1016/j.rcim.2019.05.008
http://doi.org/10.1016/j.optlaseng.2020.106018
http://doi.org/10.1109/JSEN.2011.2138132
http://doi.org/10.3390/s18051545
http://www.ncbi.nlm.nih.gov/pubmed/29757261
http://doi.org/10.1109/JSEN.2019.2958533
http://doi.org/10.1007/s40684-018-0017-6
http://doi.org/10.3390/s19143156
http://www.ncbi.nlm.nih.gov/pubmed/31323734
http://doi.org/10.3390/polym13030357
http://www.ncbi.nlm.nih.gov/pubmed/33499265
http://doi.org/10.3390/polym13040562
http://doi.org/10.3390/polym13152439
http://doi.org/10.3390/polym13162776
http://doi.org/10.3390/polym13244286
http://doi.org/10.1109/JSEN.2014.2330998
http://doi.org/10.1364/OPTICA.4.001285
http://doi.org/10.3390/polym11091433
http://www.ncbi.nlm.nih.gov/pubmed/31480491
http://doi.org/10.1021/acsphotonics.2c00249
http://doi.org/10.1002/adfm.201602490

	Introduction 
	Materials and Methods 
	Materials and Instrumentation 
	Fabrication of Elastic Optical Fiber 
	Installation of the Elastic Fiber Sensors into Data Glove 

	Results and Discussion 
	Properties Characterization of Elastic Fiber 
	Data Collection and Processing 
	Initialize Settings 
	Data Processing 

	Gesture Capture Tests 
	Static Test 
	Dynamic Test 


	Conclusions 
	References

