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Abstract: Immersive human–machine interaction relies on comprehensive sensing and feedback
systems, which enable transmission of multiple pieces of information. However, the integration
of increasing numbers of feedback actuators and sensors causes a severe issue in terms of system
complexity. In this work, we propose a pressure-sensing and feedback glove that enables multi-
dimensional pressure sensing and feedback with a minimalist design of the functional units. The
proposed glove consists of modular strain and pressure sensors based on films of liquid metal
microchannels and coin vibrators. Strain sensors located at the finger joints can simultaneously project
the bending motion of the individual joint into the virtual space or robotic hand. For subsequent
tactile interactions, the design of two symmetrically distributed pressure sensors and vibrators at the
fingertips possesses capabilities for multi-directional pressure sensing and feedback by evaluating
the relationship of the signal variations between two sensors and tuning the feedback intensities of
two vibrators. Consequently, both dynamic and static multi-dimensional pressure communication
can be realized, and the vibrational actuation can be monitored by a liquid-metal-based sensor via a
triboelectric sensing mechanism. A demonstration of object interaction indicates that the proposed
glove can effectively detect dynamic force in varied directions at the fingertip while offering the
reconstruction of a similar perception via the haptic feedback function. This device introduces an
approach that adopts a minimalist design to achieve a multi-functional system, and it can benefit
commercial applications in a more cost-effective way.

Keywords: haptic feedback; piezoresistive sensor; pressure sensing; wearable HMI; liquid metal;
motion capture

1. Introduction

With the rapid development of human–machine interaction technology, wearable
devices capable of providing precise motion capture, pressure sensing and feedback
are becoming increasingly important [1–3]. These devices show great potential in areas
such as virtual reality (VR) [4,5], medical rehabilitation [6–8], and robotic control [9–12].
The advancement of the human–machine interface (HMI) relies heavily on the simula-
tion and reproduction of the human body’s complex sensory systems [13], including
vision [14,15], hearing [16], and touch [17,18]. Among these, the introduction of tactile
information significantly enhances the immersion and sense of presence in the user’s
interaction process, thereby improving the overall interactive experience [19]. How-
ever, current wearable HMIs still face many challenges in multi-dimensional haptic
information sensing and feedback [20,21], and the integration of more and more feed-
back actuators and sensors can lead to serious problems such as large and complex
systems [22,23].

Existing wearable HMIs often struggle to simultaneously sense multi-dimensional
pressure and hand motion when faced with complex hand movements [24,25]. For
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example, many flexible sensors can only sense a single dimension of dynamic or static
pressure and lack appropriate feedback actuation methods to effectively support multi-
dimensional feedback [26–29]. For users, systems lacking comprehensive feedback
mechanisms may result in unnatural interactions, even affecting the user experience
and the practical application of the system [30]. Therefore, the development of a multi-
dimensional haptic sensory feedback HMI with a simple structure and a high degree of
integration is of great research significance and application value [31].

To address this challenge, this paper proposes a glove that enables multi-dimensional
pressure sensing and feedback with a minimalist design for the functional units. The
as-fabricated device uses PDMS (polydimethylsiloxane) as a substrate, with encapsulated
liquid metal microchannels designed to construct both piezoresistive pressure sensors
(Figure 1(i)) and bending sensors (Figure 1(iii)). The haptic feedback function is enabled
by coin vibrators (Figure 1(ii)), while the vibrational feedback can be monitored through
triboelectric signals via a liquid-metal-based sensing unit. The modular design of the liquid
metal microchannel films allows the detection of pressure and bending signals during
various interactions. To realize multi-dimensional pressure sensing and the corresponding
perception regeneration, two pressure sensors and feedback vibrators are symmetrically
distributed at the fingertip. By collaboratively evaluating the relationship between two
sensing signals, the direction and dynamic features of pressure information can be extracted.
Similarly, the actuation intensities of two vibrators can be individually tuned to mimic
the varied directions of mechanical stimulus in real time. Hence, this approach shows
the possibility of using minimal functional units to achieve more functions via specific
design and data analysis, as well as programming. In summary, this study proposes a
facile design for a wearable HMI glove that integrates multi-dimensional dynamic and
static pressure sensing, bending detection of individual joints, and multi-dimensional
haptic feedback, providing new insights and methods regarding a cost-effective, simple,
and multi-functional solution for more user-friendly HMI technologies. Specifically, the
main contributions include the following. (1) A minimalist design for a structure with a
multi-modal human–machine interface is proposed, which is realized by the simplified
distribution of sensors and actuators for multi-directional pressure sensing and haptic
feedback. (2) The symmetrical distribution of two pressure sensors and two coin vibrators
on each fingertip makes it possible to detect and generate dynamic and static pressure
from different directions, and it is immune from the size variation issue of hands caused by
different users. (3) The pressure and bending sensors, which share the same fabrication
process, enable low-cost production and maintenance. Meanwhile, the output signals of
these sensors are easily processed, thereby enhancing the efficiency of human–machine
interaction and enabling the accurate sensing of pressure and hand posture. The following
sections of this paper will detail the sensor design principles, system integration methods,
and experimental validation results, and discuss the potential applications in HMIs.
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Figure 1. Multi-dimensional pressure-sensing and feedback glove and its intelligent interaction sys-
tem. Schematic diagram of the glove’s application in enhanced spatial immersive interaction, in-
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feedback module, and (iii) the structural diagram of the bending sensor. 

2. Materials and Methods 
2.1. Design and Sensing Mechanism of the Sensing and Feedback Glove 

The sensing modules use liquid metal as the conductive layer and PDMS (polydime-
thylsiloxane) as the elastic substrate, relying primarily on the embedded liquid metal mi-
crochannels within the PDMS film to detect external force signals [32]. As shown in Figure 
2a, the pressure sensor is designed with a circular microchannel structure [33], with three 
loops around an area of approximately 7 mm2. The cross-sectional dimensions of the mi-
crochannel are about 80 µm wide and 50 µm high, and the spacing between each loop is 
0.4 mm. As shown in Figure 2b, for the joint bending-sensing unit, a reciprocating grid 
design is used [34], with twelve liquid metal microchannels, each 20 mm long, evenly dis-
tributed along the finger’s direction. The spacing between each microchannel is 0.8 mm, 
and the cross-sectional dimensions are 120 µm wide and 50 µm high. Both sensing units 
share a similar structural design, with the overall thickness of the flexible sensor based on 
the PDMS film being approximately 400 µm. 

In terms of the interactive glove, as shown in Figure 2c, the pressure-sensing units 
are placed symmetrically on the thumb and index fingertips in a horizontal arrangement. 
This layout allows the pressure-sensing units on both sides to independently detect forces 
from different directions applied to the sides of the fingers. Additionally, they can work 
together to sense pressure in the middle of the index finger, enabling the detection of off-
center pressures by analyzing the signal magnitude difference between the two sides. Fur-
thermore, a pair of coin vibrators are placed symmetrically on both sides of the flexible 
pressure-sensing units to act as feedback actuators. At a rated voltage and load, the coin 
vibrator, made of aluminum alloy (7 mm in diameter and 2 mm in thickness), has an op-
erating frequency of 150 Hz and an amplitude of 0.3 g. Each coin vibrator corresponds to 

Figure 1. Multi-dimensional pressure-sensing and feedback glove and its intelligent interaction
system. Schematic diagram of the glove’s application in enhanced spatial immersive interaction,
including (i) the structural diagram of the pressure sensor, (ii) the components of the vibration haptic
feedback module, and (iii) the structural diagram of the bending sensor.

2. Materials and Methods
2.1. Design and Sensing Mechanism of the Sensing and Feedback Glove

The sensing modules use liquid metal as the conductive layer and PDMS (poly-
dimethylsiloxane) as the elastic substrate, relying primarily on the embedded liquid metal
microchannels within the PDMS film to detect external force signals [32]. As shown in
Figure 2a, the pressure sensor is designed with a circular microchannel structure [33], with
three loops around an area of approximately 7 mm2. The cross-sectional dimensions of
the microchannel are about 80 µm wide and 50 µm high, and the spacing between each
loop is 0.4 mm. As shown in Figure 2b, for the joint bending-sensing unit, a reciprocating
grid design is used [34], with twelve liquid metal microchannels, each 20 mm long, evenly
distributed along the finger’s direction. The spacing between each microchannel is 0.8 mm,
and the cross-sectional dimensions are 120 µm wide and 50 µm high. Both sensing units
share a similar structural design, with the overall thickness of the flexible sensor based on
the PDMS film being approximately 400 µm.

In terms of the interactive glove, as shown in Figure 2c, the pressure-sensing units
are placed symmetrically on the thumb and index fingertips in a horizontal arrangement.
This layout allows the pressure-sensing units on both sides to independently detect forces
from different directions applied to the sides of the fingers. Additionally, they can work
together to sense pressure in the middle of the index finger, enabling the detection of
off-center pressures by analyzing the signal magnitude difference between the two sides.
Furthermore, a pair of coin vibrators are placed symmetrically on both sides of the flexible
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pressure-sensing units to act as feedback actuators. At a rated voltage and load, the coin
vibrator, made of aluminum alloy (7 mm in diameter and 2 mm in thickness), has an
operating frequency of 150 Hz and an amplitude of 0.3 g. Each coin vibrator corresponds
to the pressure-sensing unit on the same side. When a pressure signal is detected on the
interactive glove worn by user A, the corresponding coin vibrator on user B’s glove will
generate haptic feedback. The larger the pressure signal, the greater the power applied to
the coin vibrator, resulting in a higher vibration frequency and more pronounced feedback.
Through this mechanism, the interactive glove provides the user with multi-dimensional
information, such as the magnitude and direction of the pressure applied to the fingertip,
enhancing the human–machine interaction experience.
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Figure 2. Sensors of the multi-dimensional pressure-sensing and feedback glove. (a) Optical image of
the pressure sensor; (b) optical image of the bending sensor; and (c) optical image of the interactive
glove and the corresponding components.

Additionally, joint bending-sensing units are placed at the two main bending joints of
each finger [35]. By analyzing the signals from these two units, the system can accurately
estimate the bending state of the user’s fingers. By further integrating the signals from
multiple finger-joint bending-sensing units, it is possible to reconstruct the hand posture in
a virtual space [36]. Through visual information, users can monitor the joint positions of
the interactive object’s hand in real time [37]. In Figure 2c, each sensor and feedback device
is labeled for distinction.

Both sensing units are based on piezoresistive sensing mechanisms. When the flexible
sensing unit is stimulated by external force, the electrical resistance of the microchannels
increases due to their reduced cross-sectional areas, increased channel lengths, or both [38].
By monitoring this change, we can detect pressure information and the bending movement
of the finger joints [39]. The difference lies in the fact that, as shown in Figure 3a, for the
pressure sensor, the primary cause of the resistance change is the reduction in the cross-
sectional area of the liquid metal microchannel when pressure is applied. For the bending
sensor, as shown in Figure 3b, the primary cause of the resistance change is the elongation
of the liquid metal microchannel when the sensor is stretched due to finger bending.

It should be clarified that the bending-sensing unit refers to a sensor that is able to
measure the bending of the joint in hand, which is essentially a strain sensor. When the
finger is bending, both sides of the sensing unit fixed on the glove will generate strain due
to the change in the distance between the fixed points after bending, and the sensor itself
does not respond to curvature changes.
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Figure 3. Working mechanism of the pressure sensor and the bending sensor. (a) The (i) schematic
diagram of the pressure sensor, (ii) dimensional changes of the liquid metal electrodes in the normal
and pressurized states, and (iii) changes in the A-A’ cross-section of the liquid metal electrodes; and
(b) the (i) schematic diagram of the bending sensor, (ii) changes in the liquid metal electrodes in
the normal and bending states, and (iii) dimensional changes in the bending sensors observed from
view B.

2.2. Preparation of Flexible Sensors

The pressure-sensing unit and bending-sensing unit are fabricated using the same
process. Both consist of liquid metal electrodes, elastic PDMS films, and wires. The detailed
preparation steps are as follows [40].

(1) Preparation of Microchannel Molds

First, glass slides (6 cm × 5 cm) are cleaned three times with acetone and alcohol,
followed by 3 min of ultrasonic cleaning. The glass surface is then dried with nitrogen gas
and placed on a 120 ◦C hotplate for 20 min to evaporate any remaining moisture, ensuring
the glass surface is completely dry. A DuPont photosensitive dry film, approximately the
same size as the glass, is cut, with one side of its protective film removed. The film is then
applied to the glass moistened with water and pressed tightly using a laminator. After
removing the protective film from the other side, a photosensitive layer with a thickness of
approximately 40 µm is obtained. Next, the pattern of the flexible sensor is exposed to UV
light using a mask for 6 s. The exposed pattern forms the required microchannels, while
the unexposed areas are thoroughly cleaned with a 1.5% sodium carbonate solution. The
surface is then rinsed with deionized water to remove any remaining sodium carbonate
solution, dried with nitrogen, and baked at 50 ◦C for 30 min.

(2) Fabrication of Flexible Sensors

To facilitate the easy release of the PDMS elastomer from the mold, 10µL of dimethylchlorosi-
lane is applied to the mold surface, which is then placed in a vacuum environment for 10 min,
allowing the volatilized silane to settle on the glass surface. Dow Corning Sylgard 184 Silicone
Elastomer Clear is mixed at a 10:1 ratio to prepare the liquid PDMS. The liquid PDMS is degassed
in a vacuum desiccator for 30 min to remove any air bubbles. It is then spin-coated onto the
microchannel mold at 400 rpm for 20 s, forming a PDMS film embedded with microchannels,
with a thickness of approximately 230 µm. The PDMS film is cured at 70 ◦C for 1 h. During
this step, a hole punch is used to create an injection port in the microchannel film. Another
layer of PDMS film is made similarly, but the liquid PDMS is spin-coated at 600 rpm for 20 s
on a plain glass surface, forming a film approximately 140 µm thick after curing. The PDMS
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film with microchannels and the plain PDMS film are both exposed to oxygen plasma at 150 W
for 120 s. The two films are then bonded together and baked at 70 ◦C for 30 min to create a
permanent bond. Finally, liquid metal is carefully injected into the microchannels using a syringe,
and Sil-Poxy silicone adhesive is used to seal the inlet and outlet with external connecting wires.

2.3. Assembly of the Sensing Feedback Glove

First, a Velcro and strap design is used to insert the pressure sensor devices into the
thumb and index fingertips [41]. After that, it is ensured that they are securely fixed by
adjusting the tightness of the straps, with the wires routed closely along the inside of
the glove to the wrist. Next, four coin vibrators should be attached with adhesive to the
appropriate position on either side of the glove’s fingertips. A small hole is then made in the
back of the glove, allowing the wires from the pressure-sensing units to pass through to the
wrist along the same path. Finally, the bending-sensing units are installed at the main joints
of the thumb and index finger, with two sensors per finger. The tops of the sensing units are
fixed to the glove using black adhesive tape, while the bottoms are inserted into pre-made
holes in the glove and also secured with black adhesive tape. The wire bundles are routed
closely along the inside of the glove to the wrist. After marking all the wire bundles, they
are organized and housed in a soft tube, ultimately connecting to their respective sensing
signal acquisition and feedback drive circuits [42].

According to the working mechanism of the bending sensor, placing the sensor on the
top of the finger can bring out its performance to the fullest. On the other hand, compared
with the bottom and sides of the finger, the upper part is least likely to be affected by
external forces when in contact with an object. Hence, this installation method for the
bending-sensing unit can also reduce unnecessary measurement errors.

2.4. Control System of Sensing and Feedback

The Arduino MEGA 2560 (Arduino S.r.l., Monza, Italy)is used as the microprocessor
for the sensing and feedback circuits. In the sensing section, both types of sensing units
read signals by capturing the voltage changes between them and the voltage divider
resistors [43]; the pressure-sensing unit uses a 1 kΩ voltage divider resistor (Uni-royal,
Kunshan, China), while the bending-sensing unit uses a 150 Ω voltage divider resistor
(Uni-royal, Kunshan, China). Notably, for the pressure-sensing unit, the sensing signal
requires additional preprocessing through an LM324 operational amplifier (CJ, Nanjing,
China), with a gain of 21 times. The processed signal is then read via the digital I/O
pins of the Arduino development board. For the feedback section, an external 5 V power
supply drives the coin vibrators. To control the power supplied to the coin vibrators, the
LH8050QLT1G transistor (LRC, Leshan, China) and LL4148 diode (ST, Dongguan, China)
are used to program the PWM pins of the Arduino.

2.5. Characterization Methods of the Sensing Units

For the pressure-sensing unit, a force gauge (MultiTest 2.5-i, Mecmesin, Slinfold, UK)
combined with a 3D-printed testing probe is used to cyclically apply and release pressure
on the sensing unit, and the pressure values are measured via a commercial sensor (ILC
50N, Mecmesin, Slinfold, UK), as shown in Figure 4a. The contact size of the testing probe
is the same as the area of the sensing unit [44–46]. For the bending-sensing unit, we fix both
ends of the sensing unit using a clamp, securing it to the force gauge [47]. By controlling
the relative displacement of the force gauge’s elevating rod at a speed of 100 mm/min,
we conduct a tensile test on the sensing unit, as shown in Figure 5a. During the test,
the oscilloscope (MSO54B, Tektronix, Beaverton, OR, USA) measures the output voltage
changes of the sensing circuit. Each test is repeated three times, and the average value
is taken.
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Figure 4. Characterization of the pressure sensor. (a) Schematic of the characterization method;
(b) relationship between the sensor’s output signal and the pressure under loading conditions;
(c) relationship between the pressure sensor’s output signal and the pressure under loading and
unloading conditions; (d) real-time monitoring of the output signal changes during one cycle of
pressure increase and decrease; (e) response and recovery times of the sensor; (f) repeatability test
over 2000 cycles at 55 kPa; (g) relationship between the driven voltage of a coin vibration and the
collected triboelectric voltage signal of the sensor; and (h) real-time triboelectric voltage signal as the
driven voltage continues to increase.
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Figure 5. Characterization of the bending sensor. (a) Schematic of the characterization method;
(b) relationship between the sensor’s output signal and the strain under tensile conditions; (c) rela-
tionship between the bending sensor’s output signal and the pressure under loading and unloading
conditions; (d) response and recovery times of the sensor; (e) repeatability test over 2000 cycles at
20% strain; (f) response of the sensor to strain with a given initial torsion angle; and (g) response of
the sensor to strain with a given initial curvature.

2.6. Characterization Methods of Vibration Feedback

Based on the principle of triboelectric sensing [48], the coin vibrators are then placed
in close contact with the pressure-sensing unit, powered by a programmable power supply
(UDP3305S, UNI-T, Dongguan, China) to drive them at different power levels. A position
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comparison test at a rated voltage has been performed and is provided in Figure S1,
indicating that the triboelectric signals can also be captured no matter where the coin
vibrators are placed on the sensors. Simultaneously, an oscilloscope is used to read the
output voltage of the sensing unit and record the average output voltage [49].

3. Results
3.1. Characterization of the Pressure-Sensing and the Vibration Feedback Units

To characterize the pressure-sensing units, a programmable force gauge and testing
probe are used to apply static or dynamic pressure on the sensor surface, while a commer-
cial sensor measures the applied force. Details of the experimental setup and methodology
are described in Section 2. Figure 4b shows the average relationship between ∆V/V0 and
pressure under the applied conditions, based on three measurements. Each point in the
figure represents a record taken every 0.3 N (approximately 11 kPa) until the pressure
reaches 2.4 N (approximately 88 kPa). This relationship curve is divided into two linear
regions. In the range of 0–20 kPa, the sensitivity of the pressure-sensing unit is approxi-
mately 0.1032 kPa−1, with linearity R2 > 0.94. In the range of 20–100 kPa, the sensitivity
is about 24.9773 kPa−1, with linearity R2 > 0.99. Considering the noise level of the sensor,
the minimum detectable pressure is about 3.7 kPa. It is important to note that the reported
detection limit is constrained by the measurement setup, and the true detection limit of the
device may be lower. The error bars indicate one standard error. Due to the mechanical
properties of the elastic materials, the sensing signal exhibits a certain hysteresis effect
during unloading, as is shown in Figure 4c, with a percentage of 11.79%. However, when
the force gradually unloads to 0 N, the output signal returns to the origin, indicating
that the sensing unit can clearly and stably discern pressure changes of 0.3 N. Figure 4d
shows a signal image from one cycle of real-time output voltage during three loading and
unloading cycles. Figure 4e displays the response (200 ms) and recovery (160 ms) time of
the pressure-sensing unit during loading/unloading, demonstrating its ability to respond
instantaneously to external force stimuli. Additionally, the stability of the sensing unit is
evaluated by cyclically loading/unloading a pressure of 55 kPa for 2000 cycles, as shown in
Figure 4f. The experimental results indicate that the output signal of the pressure-sensing
unit remains stable overall during the 2000 loading/unloading cycles. Five cycles of test
data are extracted from the 500th and 1500th cycles, demonstrating the high perceptual sta-
bility and reproducibility of the sensing unit. Furthermore, additional tests are performed
on the repeatability of the measurement accuracy of the pressure sensor, as can be seen in
Figure S2a. The above experimental results indicate that the pressure sensor introduced
in this work exhibits good sensing performance and can be widely applied in the field of
human–machine interaction.

To calibrate the feedback intensity of the coin vibrators, based on the principle of
triboelectric sensing, the pressure-sensing unit is employed for measurement. Details of
the measurement method are described in Section 2. The measurement results are plotted
in Figure 4g, showing an approximate linear relationship between the driving voltage,
sensor output, and actual vibration amplitude, which can help provide adjustable vibra-
tion intensity in practical applications. Figure 4h demonstrates the real-time triboelectric
signal of the pressure-sensing unit as the driving voltage increases, which also allows
for real-time monitoring and calibration of the feedback intensity of the coin vibrators
during interactions.

3.2. Characterization of the Bending-Sensing Unit

To characterize the bending-sensing unit, static or dynamic tensile forces are applied
to the clamped sensing unit by adjusting the elevating rod of a programmable force gauge.
The experimental setup and methodology details are described in Section 2. Figure 5b
shows the average relationship between ∆V/V0 and the amount of extension during a
stretch of up to 40%, based on three measurements. Each point in the figure represents a
record taken every 5% of extension. In the 0–40% stretching range, the strain coefficient GF
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of the bending-sensing unit is approximately 1.45, with linearity R2 > 0.99. For the bending
sensor, its loaded and unloaded outputs show good consistency, with a relatively small
hysteresis percentage of 1.77% over its operating range (finger bending from 0◦to 90◦),
which can be seen in Figure 5c. Figure 5d shows the response (180 ms) and recovery
(210 ms) time of the bending-sensing unit during rapid loading/unloading, demonstrat-
ing its immediate responsiveness to external stimuli. In Figure 5e, it is demonstrated
that the sensing unit can stably endure 2000 strain cycles, with five cycles of test data ex-
tracted from the 500th and 1500th cycles. Further repeatability experiments are performed
in Figure S2b, proving the sensing unit’s high robustness, which is crucial for flexible
wearable sensing systems.

To assess the performance of the sensor in practical applications, the sensor is sim-
ulated being placed on a non-planar surface such as a finger, comparing the sensor’s
response to various initial torsion angles around its long axis (illustrated in Figure 5f).
Similarly, the actual effects of bending under different curvatures are compared (illustrated
in Figure 5g). The experimental results are presented in Figure 5f,g, indicating that in the
torsion experiment, the sensor’s response to tensile forces remains linear (R2 > 0.99) even
with the initial torsion angles; however, the sensor’s sensitivity slightly decreases with
an increasing torsion angle, approximately 0.3% per degree. In the curvature experiment,
when the sensor experiences a certain bending curvature, its linear response remains good
(R2 > 0.97). As the curvature increases, its sensitivity also decreases to some extent. This
change may result from the sensor not only experiencing the tensile stress applied by the
force gauge but also a certain pressure exerted by the cylindrical object, causing the sensor
to bend during testing. Overall, the sensing unit proposed in this paper demonstrates
stable and reliable performance across various complex scenarios in practical applications.

3.3. Application of Multi-Dimensional Sensing and Augmented Haptic Feedback

In practical applications, the performance tests of pressure sensing are conducted by
integrating the sensors into a glove to verify their capability for sensing multi-dimensional
pressure, and additional tests of the system’s overall delays for processing the signals have
been performed and are detailed in Text S1, Figures S3 and S4 in the Supplementary File.
Figure 6a shows the sensing tests performed on the left side (i), right side (ii), center (iii),
and dynamic rotation from left to right (iv) of the right index fingertip, with the results
displayed in Figure 6b. The results indicate that the pressure-sensing unit, once integrated
into the glove, can effectively sense static or dynamic forces from different directions
and dimensions.

Additionally, based on the principle of time-multiplexed sensing feedback, the real-
time feedback capability of the coin vibrators is tested again. Figure 6c illustrates the
vibration feedback signals collected based on the triboelectric sensing mechanism as the
fingertip rotates from left to right on an object. When Sensor I on the left side of the
fingertip first detects pressure, coin-vibrator I starts operating and gradually increases the
feedback intensity to the corresponding level. Subsequently, when the fingertip reaches
the center position, coin-vibrator II also activates. When the fingertip rotates to the right
side, coin-vibrator I stops working due to the lack of pressure on the Sensor I side, while
coin-vibrator II continues to vibrate until pressure from Sensor II disappears as the fingertip
leaves the object.

Similarly, a single bending sensor is integrated into the glove, corresponding to the
middle joint of the index finger, to validate its practical application. Figure 6d shows
the sensor signals as the index finger joint bends from a straight position to 90◦. During
testing, our volunteer paused every 10◦. The results demonstrate that the bending sensor
can relatively accurately detect the bending state of the human finger. It is important
to note that the reported detection accuracy is limited by the experimental setup, and
the actual detection accuracy of the device may be higher. In Figure 6e, the impacts of
different bending methods on the sensor performance are compared. The results indicate
that regardless of how the user wearing the glove bends their fingers—whether in terms of
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speed or method—the detection of the sensor is unaffected. Additionally, information on
the bending speed can be extracted from the slope of the signal curve, achieving a more
comprehensive sensing of bending actions.
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Figure 6. Demonstration application of the multi-dimensional pressure-sensing and feedback glove.
(a) Schematic of fingertip pressing status including (i) left side contact, (ii) right side contact, (iii) inter-
mediate contact and (iv) rolling from left to right; (b) real-time output signals of the pressure sensor
at different pressing angles; (c) feedback from the coin vibrators at different pressing angles with
single vibrator running condition marked by grey and both vibrators running condition marked
by pale yellow; (d) output signals from the bending sensor measure the stepped bending of the
finger at an angle of 10 degrees each time up to 90 degrees; (e) response of the bending sensor
under different bending methods; (f) various hand gestures labelled from 1⃝ to 8⃝ used to test the
bending sensor; (g) output signals corresponding to different hand gestures labelled from 2⃝ to 8⃝;
(h) demonstration of grasping a test tube; (i) feedback from coin vibrators during the grasping process;
(j) real-time signal output during the grasp; and (k) snapshot of pressure and bending angles before
and after grasping.



Actuators 2024, 13, 454 12 of 15

Based on the validation results, the bending sensors are sequentially integrated into
the corresponding joints of the thumb and index finger, allowing our volunteers to wear
the glove and perform seven different actions from a neutral hand position (Figure 6f 1⃝)
to validate the feasibility of monitoring multi-joint coordinated movements (Figure 6f 2⃝
to Figure 6f 8⃝). Each action lasts about five seconds. Specifically, action 1⃝ corresponds to
the area with no signal fluctuations, action 2⃝ corresponds to only thumb I bending, action
3⃝ corresponds to both thumbs I and II bending simultaneously, action 4⃝ corresponds to

only index finger I bending, action 5⃝ corresponds to both index fingers I and II bending
simultaneously, action 6⃝ corresponds to index finger I and thumb I bending together, action
7⃝ corresponds to all four sensors bending simultaneously, and action 8⃝ corresponds to

the thumb tightening toward the palm, similar to action 2⃝ but with a greater degree of
bending in thumb II. Figure 6g shows the real-time signals captured from the four bending
sensors, demonstrating that each bending sensor is activated by its respective joint and that
the sensing signals fluctuate only when there is flexion or extension at the joint.

Furthermore, both the pressure sensors and bending sensors are integrated into the
glove, demonstrating that the interactive glove can provide multi-dimensional force feed-
back and sense hand posture. Figure 6h–j illustrate the entire process of real-time force-
posture signal monitoring (Figure 6j,k) as a volunteer wears the interactive glove to grasp
a plastic test tube (Figure 6h). Again, on the feedback side, the pressure sensing unit is
utilized to monitor the feedback force in real time, with the feedback intensities from the
four coin vibrators shown in Figure 6i.

4. Discussion

In this work, we propose a facile design for a multi-dimensional pressure-sensing
and feedback glove, aiming to address the problems of redundant system structure design
and high complexity that may be faced when realizing multi-dimensional sensing and
feedback. Elastic and hand-fitting gloves are chosen as the platform for integrating several
minimalist functional units, including liquid metal microchannel-based strain and pressure
sensors and vibration feedback actuators, and thus the flexible glove can effectively cover
the different sizes of different users. The bending sensor located at the finger joints has a
length of 2 cm, which means that there is a ±1 cm tolerance from its effective sensing range,
so the user does not need to align the joints with the center of the sensor, and hand postures
can be accurately captured regardless of where the user’s joint is located on the sensor.
By projecting the flexion motion of individual joints into a virtual space or a manipulator,
seamless tracking of hand posture is possible.

In addition, by evaluating the signal changes of the double symmetrically arranged
pressure sensors at the tip of the finger, the glove is able to sense the direction and mag-
nitude of the pressure and map it to the feedback unit in real time, and by adjusting the
feedback strength of the vibration feedback actuators on both sides, multi-directional haptic
feedback can be realized. This delicate feedback method can provide users with static and
dynamic multi-dimensional haptic interaction information, which significantly enhances
the user’s sense of immersion and realism in the interactive environment. In addition, we
also monitor the intensity of the vibration feedback in real time through the triboelectric
sensing mechanism of the liquid metal sensor to ensure the stability and reliability of the
interaction. On the other hand, due to the symmetrical distribution of two pressure sensors
and two coin vibrators on each fingertip, the variation in finger size will not change the
symmetry of these units but only increase the spacing between each one. To address this
concern, with simple data calibration, two sensors are still performing the same capability
of detecting multi-directional force by cooperatively analyzing two sensing signals. Simi-
larly, two vibrators can still provide multi-directional haptic feedback, since they are still
symmetrical, no matter whether the finger size is larger or smaller.

Experimental validation shows that the glove is able to effectively detect dynamic and
static forces distributed in all directions of the fingertip, and it can accurately reconstruct
hand movements to provide real-time multi-dimensional dynamic and static haptic feed-
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back. The glove’s simple modular design, low manufacturing cost, and multi-dimensional
haptic information transfer capability show great potential for practical applications, es-
pecially for virtual reality, medical rehabilitation, and remote robot control, which require
real-time interaction of multi-dimensional haptic information.

5. Conclusions

Current information transmission mainly relies on video- and audio-based communi-
cation. However, for teleoperation in industrial or medical applications, as well as remote
or virtual social network, tactile communication becomes a key aspect to enhance the
perception to interactive events in order to improve the efficiency of communication and
reduce the potential risk caused by missing tactile information.

In conclusion, this paper proposes a cost-effective, multi-functional wearable HMI
glove with an extremely simplified design to realize multi-dimensional pressure informa-
tion sensing and feedback, and to capture the user’s hand posture in real time, providing
a new solution to enhance the user’s HMI experience and a new reference for the future
development of wearable HMI technology. Generally speaking, the gloves presented in
this paper can be used in a variety of scenarios that require remote interaction, such as
remote socialization, teleoperation, remote training, etc. Users can not only observe other
users’ hand postures through visual information but also sense the strength and direction
of the pressure applied to their fingertips from a distance or in a virtual space through
tactile information.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/act13110454/s1, Text S1: Delays when processing the
signals of both sensors; Figure S1: Comparison of the triboelectric output when the coin vibrator is
placed in different positions; Figure S2: Cyclic test of the long-term operation of the pressure sensor
and bending sensor; Figure S3: Characterization of the delays of both sensors when holding a beaker;
Figure S4: Delay when processing the signals of both the pressure sensor and bending sensor.
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