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Abstract Flexible strain sensors are crucial for advancing human—computer interaction (HCI) technologies,
especially in applications that require precise and adaptive sensing capabilities. In this study, we use
polydimethylsiloxane (PDMS) as the substrate material to construct sandwich-structured flexible strain
sensors, incorporating a CNT/PDMS conductive polymer (CP) layer between two cross-positioned PDMS-
transferred laser-induced graphene (LIG) strips (PL). The sandwich-structured PL/CP/PL sensor exhibits
excellent flexibility, structural stability, and component compatibility, effectively enabling the detection of
tensile, compressive, and bending strains while overcoming the limitations of single-layer strain sensors
and facilitating the measurement of two-dimensional directional forces. Leveraging these capabilities, we
apply the sensor to sign language recognition and develop a gesture-based HCI system that utilizes Morse
and binary codes to enable intuitive, intelligent communication with the sensors. This advancement holds
significant potential to enhance user experience and operational efficiency in virtual reality environments,
coded communications systems, and robotics.

1 Introduction

Human—computer interaction (HCI) plays an increasingly pivotal role in contemporary scientific, technological,
and engineering domains, with its fundamental objective being the attainment of efficient and friendly interactions
between humans and computers to enhance work efficiency, improve the quality of life and foster scientific and
technological innovation [1-4]. Currently, the development trajectory of HCI primarily encompasses multimodal
interaction, intelligent interaction and sensor-free interaction, thereby imposing more stringent demands on sensor
technology [5, 6]. Notably, flexible strain sensors serve as a crucial category within flexible sensors that monitor the
surface deformation of objects. Consequently, they provide indispensable technical support for sensor applications
in the field of HCI [7-11].

Numerous researchers have extensively investigated the material composition and structural design method-
ologies of novel flexible sensors to enhance both the sensitivity and strain detection range [12-14]. For instance,
carbonaceous materials such as carbon nanotube (CNT) and graphene, along with metal nanomaterials like gold
and silver nanowires exhibiting exceptional electrical conductivity, mechanical properties, and sensitivity have been
employed as the sensing layer of piezoresistive flexible strain sensors [15-17]. Nevertheless, these conductive fillers
possess inherent limitations in terms of stretchability and flexibility. To overcome this drawback, they are com-
monly combined with flexible matrices such as polydimethylsiloxane (PDMS), Ecoflex, and polyurethane (PU) to
augment their sensing capabilities while maintaining good ductility [18, 19]. However, despite the simplicity in fabri-
cation process mentioned above for these piezoresistive strain sensors, there is still room for improvement regarding
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their sensitivity due to their single-layer structure. Constructing various micro- and nanostructures (interlocking
patterns, pyramidal arrays, pleated structures, etc.) on conductive films can also effectively improve the sensing
performance of flexible strain sensors [20]. For example, Pang et al. utilized two interlocking high aspect ratio Pt-
coated polymer nanofiber arrays supported on a thin PDMS layer to achieve the detection of weak physiological
signals in humans [21]; Ge et al. prepared thick nanofolded graphene-elastomer sandwich structure through a rapid
thermal annealing process, which significantly improved the sensitivity of the sensor and allowed the detection of
subtle pressures [22]. Although the sensitivity is significantly improved compared to planar thin-film structures,
the fabrication of microstructures requires silicon microtemplates or biomaterials, which results in higher material
costs and susceptibility to damage during the demolding process. Moreover, sensors with microstructures expe-
rience a significant decrease in sensitivity under large strains. Introducing a spacer layer between two sensing
layers can effectively broaden the sensing capability of the sensor and address the insensitivity issue of a single
sensing layer towards vertical strain [23, 24]. For example, Huang et al. prepared thermoplastic polyurethane
(TPU)/multi-walled carbon nanotubes (MWCNTSs) nanocomposite foams with a multilayer alternating bimodal
lattice structure by using a layer-by-layer hot pressing and supercritical carbon dioxide intermittent foaming pro-
cess, which achieved a wide detection range, high sensitivity, and a low response time [25]. Fu et al. employed a
layer-by-layer assembling technique to combine a two-dimensional (2D) TizCyFyx and MWCNTSs nanocomposite
foams with a sandwich stack structure, achieving high sensitivity and wide detection range [26]. The sandwich
strain sensor developed by Tian et al. comprised a micro-spacer core layer of polystyrene microspheres sandwiched
between two layers of laser-induced graphene (LIG/PU) film, demonstrating exceptional sensitivity, good linearity,
wide sensing range, and excellent stability [27]. Obviously, the innovative sandwich structures effectively address
the challenges faced by piezoresistive strain sensors in terms of high-pressure response and wide detection range.
However, conventional flexible strain sensors with a similar sandwich structure are typically limited to detecting
unidirectional strains and often encounter issues related to electrical connections between the upper, middle, and
lower layers of the structure, which hinders their application in smart wearable devices and human—computer
interaction.

Herein, a sandwich-structured piezoresistive flexible strain sensor was constructed by incorporating a
CNT/PDMS (abbreviated as CP) intermediate layer between two transferred PDMS/LIG (abbreviated as PL)
layers. Due to the utilization of PDMS and conductive carbon material in a cross-shaped assembly across its upper,
middle, and lower layers, the sandwich-structured sensor exhibits excellent structural stability, interfacial cohesive-
ness, and electrical connectivity. The wearable placement of these flexible strain sensors on finger joints enables
effective sign language recognition. The developed Morse decoding and binary coding system based on sandwich-
structured flexible strain sensors offers intelligent and adaptive HCI applications that enhance user experience
and operational efficiency in virtual reality, augmented reality, and robotic technology (Fig. 1). This advancement
is expected to have significant implications in healthcare, entertainment industry as well as virtual reality and
robotics fields.
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Fig. 1 Schematic diagram of sandwich-structured flexible strain sensors for gesture recognition in HCI applications
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2 Experimental section

2.1 Synthesis of PDMS/LIG

LIG was fabricated on a 0.05 mm thick polyimide (PI) film using a carbon dioxide laser (JTTS-ER, Harbin Jintai
Laser Technology Co., Ltd.). The laser scanning speed was set at 100 mm/min, with a frequency of 20 kHz and
power output of 3.2 W. A CAD software was employed to design the laser path, with the central square measuring
0.8 x 0.8 cm? and the two side strips measuring 0.2 x 0.9 cm? in dimensions. Subsequently, an appropriate
amount of PDMS mixed with curing agent was mixed evenly and applied onto the LIG surface, followed by
vacuum treatment in a constant temperature dryer (FD-1A-80, Shanghai Li wen Scientific Instrument Co., Ltd.)
to ensure thorough penetration of the sticky PDMS into the 3D porous structure of LIG. The sample was then
transferred to a convection oven (DZF-6030A, Shanghai Jing hong Experimental Equipment Co., Ltd.) for cross-
linking at 80 °C for 1 h. After complete curing, the PDMS/LIG (PL) layer was peeled off from the PI film and
copper wires were connected at both ends using conductive silver paste (Fig. S1).

2.2 Fabrication of the sandwich-structured flexible strain sensors

A strip of PL obtained above was placed under a custom cross-shaped mold (1 x 1 ¢cm? square in the middle of the
cross, 0.3 x 0.8 cm? strips on both sides). Then a mixture of CNTs and PDMS (W cnts: Wepms = 7%:93%) was
poured into the cross-shaped mold, followed by placing another strip of PL perpendicular to the lower PL strip on
the upper layer of the CP. The sandwich-structured PL/CP/PL material was subjected to curing at 80 °C for 3 h
in a convection oven. After complete curing, the mold was removed, and a flexible strain sensor with a sandwich
structure was obtained (Figs. S1 and S2).

2.3 Measurement and characterization

The morphological characteristics of the PL and CP were meticulously examined using a field-emission scanning
electron microscope (FESEM S-4800, Hitachi, Japan), operating at a low acceleration voltage of 3 kV to preserve
sample integrity. Raman spectroscopy (LabRAM HR Evolution, HORIBA France SAS) was employed for analyzing
the composition and structural characteristics of PL and CP layers. The force and electricity test were performed
using a mechanical testing machine (HY-0230, Yi heng Precision Instruments). The resistance changes exhibited
by the flexible sandwich-structured sensor under different test conditions were collected using a synchronous AD
acquisition card (USB_HRF4028, Heng rui feng Measurement and Control Technology Co., Ltd.).

3 Results and discussion

3.1 Microstructure of sensor

For the upper and lower PL layers, LIG is chosen as the preferred material for flexible sensors due to its excellent
electrical conductivity, remarkable strain sensitivity properties, and cost-effectiveness [28-30]. The SEM image in
Fig. 2a reveals that the grooves generated during the laser-induced preparation of LIG are still clearly visible,
and the porous foam structure of LIG is retained after transferred onto PDMS (Fig. 2d). Moreover, PDMS filled
into the porous structure of LIG plays a supportive role in enhancing the flexibility and tensile properties of LIG,
and the PL exhibited excellent structural stability (Fig. S3) and electrical signal stability (Fig. S4). For the CP
elastomer, as shown in Fig. 2b, the CNTs are uniformly dispersed within the PDMS to ensure the continuous
electrical conduction through CP (Fig. 2e). In addition, the cross-sectional SEM image in Fig. S5 also clearly
shows the close connection between the PDMS, LIG and CP layers within the sensor. The Raman spectrum of
PL shows three distinct characteristic peaks of graphene (Fig. 2c): the D peak at 1350 cm ™! is the disordered
vibration peak of graphene; the G peak near 1590 cm™! comes from the first-order Eo, phonon planar vibration;
the 2D peak near 2670 cm ™! is the second-order Raman peak of two-photon resonance [31]. The intensity ratio
(In/Ig) is 0.4, indicating that the corresponding LIG has fewer defects with high degree of graphitization. The
Raman spectrum of CP (Fig. 2f) shows three distinct CNT characteristic peaks (D, G and 2D) associated with
CNTs, where the frequency of the 2D peak is approximately twice that of the D peak [32]. In addition, both Raman
spectra presented in Figs. 2c, f exhibit characteristic peaks associated with PDMS at 2905 cm~! and 2964 cm ™!
(33, 34].
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Fig. 2 Characterization of PL and CP layers. a and d SEM images of PL layer at different magnifications, b and e SEM
images of CP layer at different magnifications, ¢ Raman diagram of PL layer, f Raman diagram of CP layer

3.2 Sensing performance

The special cross-shaped structure design of flexible strain sensors allows them to be stretched not only along
the X-axis but also along the Y-axis (Fig. S6). When the PL layer is subjected to uniaxial stretching, a large
number of microcracks are usually generated in both the upper and lower layers of the PL layer, resulting in the
formation of island-shaped conductive areas (Fig. 3a). This leads to a significant reduction or even breakage of
the conductive paths and a sudden increase in the conductive resistance [35]. As shown in Fig. 3e, the electrical
signal response of sandwich-structured flexible strain transducer shows an approximately linear relationship in the
range of 0-20% tensile strain, with a sensitivity GF of 17.8. The black curve illustrates the change in the electrical
signal when simultaneously stretched along both axes, showing a similar resistance increase trend as observed
during uniaxial stretching along the X-axis (red curve in Fig. 3e). Notably, the maximum error is less than 6%,
which indicates minimal influence from other axes during uniaxial stretching and confirms its ability to detect
external stimuli from different directions in a two-dimensional manner. However, in the case of the single-layer
PL strain sensor, the resistance exhibits a sharp increase to an infinite value when subjected to only 10% strain
due to a significant reduction in the conductive pathway (Fig. S7a). Additionally, the sandwich-structured flexible
strain exhibits a remarkable response capability with rapid response and recovery times of 40 ms and 85 ms
to external stimuli, respectively (Fig. S7b), indicating its excellent strain responsiveness. Another distinguishing
feature of sandwich-structured flexible strain sensors from uniaxial tensile PL sensors is their significantly increased
compressibility. As shown in Fig. 3h, the resistance of the sensor gradually increases with increasing pressure. When
a pressure of 250 kPa is applied, the relative resistance of the sensor undergoes an approximate 100% change. The
linearity of the sensor is very good over the pressure range of 0-250 kPa with a GF value of 0.0039 (Fig. 3h),
surpassing that observed for upper/lower PL monolayer and CP interlayer counterparts. This superiority can be
attributed to increased cracks in the LIG on the PL strip under compression (Fig. 3b), leading to an elevation in
resistance. Simultaneously, the CP layer undergoes horizontal expansion during vertical compression, which leads
to a significant reduction in the conduction path (Fig. 3d) [36].

The sandwich-structured flexible strain sensors exhibit exceptional tensile and compressive characteristics, as
well as remarkable bending deformation sensing capabilities. Within the bending range of 0°-120°, the resistance
demonstrates a linear variation with a GF value of 0.0116 (Fig. 3k). This can be attributed to the reverse bending
experienced by the upper layer of PL and forward bending undergone by the lower layer (Fig. 3c). Forward bending
results in LIG breakage, while reverse bending has minimal impact on LIG connectivity (Fig. 3k). The change in
resistance is more pronounced in the forward-bending PL layer PL compared to that in the reverse-bending PL
layer, both exhibiting an increasing trend (Fig. 3k). Furthermore, there is a decrease in surface density of CNTs
within the intermediate CP layer (Fig. 3d), leading to an increase in resistance [37]. For bending experiments at
different angles in the range of 0-90° the relative resistance change of the sensor also shows a step-type change, and
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Fig. 3 Mechanical analysis and electromechanical testing of sandwich-structured flexible strain sensors. Schematic defor-
mation mechanisms of a uniaxial stretching process, b compression process of upper and lower PL layers in the sandwich
structure, and ¢ forward bending and reverse bending process. d Compression and bending process of CP layer. Changes
in the relative resistance of the sandwich-structured flexible strain sensors under tension: e uniaxial stretching along the
X-axis and simultaneous stretching along the X-axis and Y-axis with fixing the Y-axis at 20% strain, f cyclic stretching up
to 8% strain for 4000 times, and g cyclic stretching up to 8% strain at different frequencies. The relative resistance changes
of sandwich-structured flexible strain sensors and partial monolayer structure under pressure: h linear pressure increase up
to 250 kPa, i cyclic pressure up to 200 kPa for 4000 cycles, and j cyclic pressure up to 200 kPa at different frequencies. The
relative resistance changes of sandwich-structured flexible strain sensors and partial monolayer structure under bending
action: k cyclic bending up to 120°, 1 cyclic bending up to 30° for 2500 times, and m cyclic bending up to 45° at different

frequencies
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the electrical signal can be well maintained after bending (Fig. S8). The sandwich-structured flexible sensors are
also subjected to durability assessment, and their fatigue resistances are evaluated through 4000, 4000 and 2500
loading and unloading cycles under tension, compression, and bending conditions (Fig. 3f, i, 1). Enlarged plots
in the inset depict the sustained service life and stability of the sensors over thousands of tensile, compressive,
and bending cycles by illustrating changes in electrical signals during cycling. Furthermore, it is observed that
the alterations in electrical signals generated by the sensor during tensile, compressive, and bending deformation
remain unaffected by variations in loading frequency (Fig. 3g, j, m). Moreover, we tested the resistance change of
the sandwich-structured flexible strain sensor as the temperature increased from 20 to 60 °C (Fig. S9). In practical
applications, the ambient temperature generally does not exceed 40 °C, and the corresponding resistance change
of the sensor is kept below 0.04. The temperature induced changes are negligible compared to the strain related
signal changes, proving the good environmental stability of the sensor.

3.3 Application of sandwich-structured flexible strain sensors in sign language recognition

As a structured language, sign language conveys semantic information through hand shape, direction, arm move-
ments and facial expressions [38]. Sign language is more convenient and flexible than written language, and has
become the simplest and most direct means of communication between individuals who are deaf or mute [39].
However, due to the lack of systematic learning and usage of sign language among the general population, effective
communication with individuals who are deaf or mute becomes challenging, resulting in various inconveniences in
their work and daily lives.

Considering that finger bending typically falls within the range of a 90° angle, the corresponding strain remains
within 8%. Thus, based on the linear range of tensile, compressive, and bending deformations depicted in Fig. 3, this
sensor can be comfortably worn on the finger to effectively illustrate the relationship between electrical signals and
deformation during finger movement. This enables us to establish an internal correlation between finger motion and
electrical signals. Flexible wearable sensors can be directly attached to the human hand or integrated into wearable
gloves to enable real-time gesture recognition and conversion into text or voice output, thus establishing a barrier-
free communication bridge between individuals who are deaf or mute and those without hearing impairments.
Gesture recognition based on flexible wearable sensors has also been widely used in rehabilitation medicine, smart
homes, control of high-tech electronic devices and virtual systems thus playing an increasingly important role in
the field of HCT [40-42].

We affixed the prepared sandwich-structured flexible strain sensor onto the second joints of all five fingers
(Fig. 4a), connected it to a 5-channel AD acquisition card, and recorded the variations in electrical signals during
finger movements. When transitioning to sign language number ”6”, with only the thumb and little finger extend
while others bend, the electrical signal remain stable near its initial resistance value for these two fingers but
increase synchronously for the remaining three (Fig. 4b). When transitioning to sign language number ”8” with
only the thumb and mouth feed extend while others bend, the electrical signal remain stable near its initial
resistance value for these two fingers but increase synchronously for the remaining three (Fig. 4c). Similarly, when
switching to sign language numbers ”71” and ”70” (Figs. S10a and S10b), real-time changes in electrical signals are
detected for bent fingers (step-shaped relative resistance increase) and straightened fingers (smooth straight line).
In addition, the gestures representing ”Good” (Fig. S10c) and "OK” (Fig. 4d) in sign language are also tested.
These findings further verify the feasibility and advantages of our sandwich-structured flexible strain sensor in
gesture recognition, facilitating seamless communication between individuals who are deaf or mute and those
unfamiliar with sign language.

3.4 Morse decoding interaction system based on sandwich-structured flexible strain sensor

To further validate the feasibility of the sandwich-structured flexible strain sensor in HCI, we affixed the sensor
to a finger as a telegraph generator (Fig. 5a). The duration of finger bending during telegraphy was utilized to
differentiate between dahs and dots specified in international Morse code (Fig. 5b), followed by communication
using Morse encryption codes (Fig. 5a). For instance, when encoding ”Hello” in Morse code, it is observed that
the letter "H” corresponds to four dots (four rapid bending movement of the finger), generating four distinct
electrical signals with sharp characteristics (Fig. 5a). Similarly, the letter "E” is represented by one dot, which
corresponds to a quick bend of the finger; while for the letter ”L”, it consists of one dot followed by one dah and
then two dots—thus, during dot formation, there is a rapid bending and recovery motion of the finger whereas
for dah formation, continuous bending is maintained. A rapid increase in electrical signal amplitude, then stable
electrical signals, followed by relative resistance return to its initial value corresponds to a complete process of
finger bending, maintain and straightening (Fig. 5a). By conducting these experiments on sensors corresponding
to Morse codes such as "HANG,” "ZHOU,” and "THANKS” (Fig. 5c—¢), we confirm that our flexible strain sensor
can effectively serve as a telegraph generator for Morse encoding.
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Fig. 4 a Schematic diagram of five fingers. b, ¢ and d Real-time electrical signal changes of five sandwich-structured
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Fig. 5 Morse decoding interaction system based on sandwich-structured flexible strain sensor. a Schematic flow diagram
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the 26 letters of the alphabet. ¢, d, and e Relative resistance change when sending Morse codes "THANG”, "ZHOU” and
"THANKS” with a sandwich-structured flexible strain sensor worn on the finger as a telegraph generator
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Based on this premise, a HCI system is developed for Morse code decoding using the sandwich-structured flexible
strain sensor affixed to the joint of the index finger (Figs. S11 and S12a) and signal acquisition is performed
by a single-chip microcomputer (GD32E230C8T6). The signal processing module employs logical judgment to
accommodate human reaction time. A signal recording occurs when the finger bends, followed by another recording
after 1.5 s elapsed. If it is determined that the finger has bent again, it represents a stroke; otherwise, it indicates
a dot (Figs. S12b, c¢). Subsequently, Morse code signals are decoded and transmitted wirelessly via Bluetooth
to a mobile phone (Fig. 5a). Supplementary movies 1-3 demonstrate real-time display of encoding processes
such as dots and dahs on an LCD screen of the microcontroller when utilizing the sensor-equipped finger as
a telegraph generator; ultimately resulting in accurate letter decoding and display. Evidently, this HCI system
development based on the low-cost flexible strain sensor offers accessibility without barriers thus serving as an
auxiliary communication technology for individuals with disabilities by enhancing their communicative abilities to
some extent. This provides an alternative and convenient input method, thereby opening up new possibilities for
HCT applications across diverse scenarios.

3.5 Binary coding interaction system based on sandwich-structured flexible strain sensor

As an important medium in the digital information era, binary code solely comprises ‘0’ and ‘1’ two signal
states, exhibiting uncomplicated technical implementation, straightforward arithmetic rules, suitability for logical
operations, ease of conversion, and robust anti-interference capabilities. Consequently, binary has emerged as the
optimal choice for computer-based information storage and processing. In terms of HCI, computers and intelligent
devices often necessitate algorithmic processing of received control signals followed by their conversion into operable
binary codes by the controller. This significantly augments interaction time. Moreover, complex signal recognition
poses challenges to HCI implementation; however, this can be circumvented through direct binary coding utilizing
flexible wearable strain sensors to execute simple mechanical control operations (Fig. 6a).

Sensor2

Sensor1

T
_

|
T
- Signal

processing 1
Sensor2 !
7
1+
2 20 2 2
10
10
’ 0
0 5 10 15 20 25 0 5 10 15 20 0 5 10 15 20 25 0 5 10 15 20 25 30
Time (s) Time (s) Time (s) Time (s)

Fig. 6 Binary coding interaction system based on a sandwich-structured flexible strain sensor. a Schematic illustration of
the rule definition of the binary coding interaction system based on a sandwich-structured flexible strain sensor. b Optical
diagram of two sandwich-structured flexible strain sensors worn on the finger for binary-coded control of cart motion (the
inset shows the corresponding parallel circuit principle). c—f Relative resistance changes of sandwich-structured flexible
strain sensors during binary variable coding
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By connecting two sensors in parallel to the index and middle fingers (inset of Fig. 6b), the bending of either finger
can lead to an increase in the resistance value across the parallel resistor, with a larger resistance increase observed
when both fingers are bent simultaneously. The resistance of the parallel circuit is defined as 717 when two fingers
are bent together, and as ”0” when only one finger is bent. The relative changes in resistance values corresponding
to finger movements 700", 7017, 710”7, and ”11” are depicted in Fig. 6¢—f, enabling clear differentiation between
different movement patterns. A binary coding interaction system assigns the received signals of 700" for forward
motion, 701" for backward motion, 710" for left turn, and 711" for right turn (Figs. 6a and S13). Movie 4
demonstrates how this parallel flexible sensor enables control over the motion of a smart cart. Furthermore,
considering its programmability, only three-bit binary encoding is required to control finger movement three times
and achieve eight distinct forms of movement thus highlighting its promising application prospects in robot motion
control scenarios requiring programmable capabilities.

4 Conclusion

The sandwich-structured flexible strain sensor was fabricated by incorporating a CNT/PDMS conductive polymer
(CP) layer sandwiched between two layers of cross-aligned PDMS-transferred laser-induced graphene (PL) strips.
This peculiar sandwich structure overcomes the limitations of single-layer strain sensors in detecting pressure-
induced strains. Moreover, due to its cross-shaped combination design, it exhibits remarkable capability in sensing
two-dimensional directional forces. Considering its outstanding sensing performance under tensile, compressive,
and bending strains, we employ this sensor for sign language recognition and develop a HCI system based on
Morse code and binary code. Our work showcases the significance of this technology in enhancing user experience
and operation in various fields such as virtual reality, coded communication, and robotics.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/
epjs/s11734-025-01560-9.
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