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Abstract
Language and characters contain rich information and play an important role in daily communication.
Although �exible pressure sensors have aroused extensive attention in information interaction, the
application in the special groups who characterized with “voiceless” and/or “dysgraphia” cannot normally
speak and/or write is usually ignored. Herein, a high-performance �exible pressure sensor was proposed
to learn the expression content from special groups through recognizing the voiceless speaking and
abnormal writing. Thanks for the enhanced interfacial interactions and air gaps constructed in device, the
as-prepared sensor possesses ultrahigh sensitivity in a small pressure range (S = 45.95 kPa− 1, P < 1 kPa)
and exhibits an outstanding sensitivity to the slight pressure resulted from voice and writing. In addition,
high stability, good �exibility, short response time of 123 ms, and excellent durability over 2000 cycles are
also achieved. As the voice and writing detector, it can accurately recognize different voice signals and
characters stroke order. Importantly, by comparing with the electrical signals obtained under normal
speaking and writing conditions, the real expression content from the special groups can be well acquired.
This high-performance pressure sensor, along with its unique structure designing, is expected to be widely
used in human − computer interaction, health monitoring, and soft robotics.

1. Introduction
At its broadest de�nition, “voiceless” is term used to describe those individuals who cannot speak
normally owning to some diseases, such as neurodegenerative diseases and the weakness of
lip/tongue/palate muscles [1, 2]. “Dysgraphia” is a speci�c learning disorder in written expression at any
stage caused by lack of education and/or diseases, e.g., brain injury, neurologic disease, or degenerative
conditions [3, 4]. The emergence of language and characters is not only the symbol of human civilization,
but also promotes the exchange of culture and ideas. Although language and characters contain rich
information to play an important medium for people to communicate daily, for some special groups
characteristic with “voiceless” and “dysgraphia”, they have di�culty to express their intentions through
speaking and writing normally [5–7]. In daily life especially in emergency situations, how can others know
what the special individual wants to say? Thus, exploiting devices that can translate the physical signals
from voiceless speaking and abnormal writing into visualized signals for facilitating communication is
urgent and valuable to these special people. Due to the excellent capability of voice and writing
recognition, wearable pressure sensors have �xed these problems quite well by translating the external
signals and providing meaningful information to the users, guardian, or therapists [8–10]. However, most
of the traditional research on pressure sensors focuses solely on foundational sensing tests for common
population, ignoring its other applications in the special users.

To minimize the in�uence of unexpected environmental noises, wearable pressure sensors used for
human voice recognition have been usually designed to detect physiological mechanoacoustic signals
directly based on the vibrations of vocal cords [11, 12]. As is well known, vibrations of vocal cords and
writing are subtle physical signals, namely, the pressure loaded on sensor is very small (P generally less
than 1 kPa) [13–16]. There are several capabilities demands for a wearable pressure sensor applied in
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voice and writing accurate recognition. Among these key properties, high sensitivity in low pressure range
(P within 1 kPa) is the prerequisite for voice and writing perception with a high accuracy level. In recent
years, the preparation of high-performance piezoresistive sensors that are characterized by high
sensitivity, fast signal response, and stable sensing performance has become a hot topic due to its simple
principle [17, 18]. In addition, a simple composition of sensing layer, substrate, and electrodes makes an
easy manufacturing process. The sensitivity (S) for piezoresistive sensors is de�ned as S=[(R–R0)/R0]/ΔP
and presents the ability of sensors to convert pressure into electrical signals [19]. Here, R0 is the electrical
resistance without applied pressure, and R presents the electrical resistance of the sensor loaded with a
�xed pressure (P), ΔP is the pressure variation. Based on the de�nition, high sensitivity can be achieved by
signi�cantly improving R under a small pressure. However, the use of small pressure to obtain large
resistance is often a contradiction. According to the sensing mechanism, the higher R is generally resulted
from the effective destruction of conductive paths in sensitive layer, which can be realized under the larger
structure deformation caused by a bigger pressure [20, 21]. Therefore, the design of piezoresistive sensors
with high sensitivity within small pressure range remains a challenge. Under the external force, enhancing
interfacial interactions between conductive substances and polymer substrate is a potential approach to
destruct the conductive paths and then to improve resistance change and sensitivity, which is well proven
by our works and other researchers [22–25]. Nacre, a regular three-dimensional hierarchical structure
consists of ceramic aragonite inorganic materials and biopolymers, is an excellent example of strong
interfacial interactions architecture [26]. In this architecture, the soft organic biopolymers act as a medium,
allowing for the sliding between ceramic aragonite under the action of external forces [27]. Therefore,
enhancing interfacial interactions by simulating nacre-mimetic structure is expected to fabricate
ultrahighly sensitive pressure sensors within small pressure range attributed to resistance signi�cant
change in sensing layers.

In addition to construct strong interfacial interactions in sensitive layers, microstructure design is another
strategy to achieve high sensitivity in pressure sensor.

Among these microstructures, microcone arrays is a classical strategy used for high performance pressure
sensor, the top and bottom electrodes with microcone microstructures are pressed together to increase the
contact area, which results in electrical resistance decrease and sensitivity improvement [28, 29]. However,
mold requirements, photolithography and etching process greatly increase fabrication costs to obtain
microcone arrays [30]. Besides, the air gaps between two electrodes need to be very small so that the
microcone arrays can be fully contacted under small pressure, the preparation of sensor with small air
gaps requires sophisticated fabrication techniques, which hinders the practical applications. Therefore, a
simple and cost-effective approach to fabricate the sensors with high sensitivity is essential to meet the
requirements of valuable applications. As discussion above, the signi�cant change of electrical resistance
in sensitive layers is desired to achieve high sensitivity, but the space allowing for sensitive layers
deformation is the prerequisite for electrical resistance signi�cant change under small pressure.
Fortunately, the existence of air gaps in device brings enlightenment to prepare highly sensitive pressure
sensors by providing enough space for sensing layers large deformation. Consequently, combining the
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enhanced interfacial interactions in sensitive layers and the constructed air gaps in device may be an
excellent strategy to fabricate pressure sensor with high sensitivity within small pressure region.

In this work, we propose MXene-based �exible piezoresistive sensor with high sensitivity within small
pressure region for learning the expression content from the special groups through recognizing voiceless
speaking and abnormal writing. Inspired by the intrinsic strong interfacial interactions of nacre’s
hierarchical structure, the enhanced interfacial interactions in sensing layers were constructed via the
formation of hydrogen bonds between MXene nanosheets and PAM polymer. Besides, air gaps were
designed between sensing layers and substrate to provide the deformation spacing of sensing layers
under small pressure. In this structure, the synergistic effects including of the enhanced interfacial
interactions and air gaps endow excellent performances to the sensor. As a result, the ultrahigh sensitivity
of 45.95 kPa− 1 within P < 1 kPa, short response and recovery time (123 and 182 ms), good stability, high
�exibility, and long-term durability with over 2000 loading/unloading cycles are achieved. In practical
application, the extraordinary performances enable the pressure sensor to accurately sense the voice
amount, voice frequency, emotion change, environment noise, stroke order of Chinese characters and
English words, character size, writing speed, and grip of the pen. By comparing with the electrical signals
obtained at normal speaking and writing conditions, the expression content from the special groups with
“voiceless” and “dysgraphia” diseases can be learned. So, based on this reported pressure sensor, key
information can be translated to others who could timely provide help to these special people especially in
time of crisis. In addition, the sensor shows good potential applications in human − computer interaction,
health monitoring, and soft robotics.

2. Experimental Section

2.1 Materials
Ti3AlC2 powder (particle size 400 mesh, 98%) was gotten from Laizhou Kaiene ceramic Material Co., Ltd.
(Jining, China). Acrylamide (99%) was provided by Sigma-Aldrich. Ammonium persulfate (98%),
tetramethylethylenediamine (TEMED, 98%), lithium �uoride (LiF, 98%) and concentrated hydrochloric acid
were both purchased from Macklin (Shanghai, China). All other reagents were commercial chemicals and
utilized as received unless otherwise indicated.

2.2 Preparation of Delaminated Ti3C2Tx MXene
Multilayered Ti3C2Tx MXene was prepared by selective etching of Al element from Ti3AlC2 phase powder
via LiF/HCl solution according to the previously reported method [25]. LiF (3.6 g) was dissolved in 40 mL
of HCl (9 M), then Ti3AlC2 powder (2 g) was slowly added into the above solution and heated at 35°C
under stirring for 24 h. After that, the solid residue was centrifuged (3500 rpm, 5 min) and washed with
deionized water (DI) until the pH of the suspension reached value of between 4 and 6. The multilayered
MXene nanosheets were obtained by drying the solid residue at room temperature. Delaminated MXene
was prepared by sonicating the multilayered Ti3C2Tx MXene (0.5 g) in DI water (100 mL) for 1 h under an
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Ar atmosphere and followed by centrifugation (3500 rpm, 1 h), and the dark green supernatant was
collected. Filtering and drying the supernatant at room temperature were applied to obtain the �nally
delaminated Ti3C2Tx MXene that was used for following characterization.

2.3 Preparation of Pressure Sensor
In this work, the pressure sensor with air gaps was fabricated through LBL assembly method by using
Ti3C2Tx MXene and acrylamide as raw materials. Aqueous solution of acrylamide (100 mg/mL) with
ammonium persulfate as initiator and TEMED as catalyst was prepared under ice bath condition. The
mixed aqueous solution of MXene was obtained by adding MXene nanosheets (m/m, 10:1) into the
above-prepared acrylamide solution. Ploy(acrylamide) (PAM) �exible substrate was �rstly prepared by
spinning coating acrylamide aqueous solution and then polymerizing acrylamide at 40°C for 60 min (step
). Following, 2 mL/per point of acrylamide aqueous solution was slowly added on PAM �exible substrate

surface at different sites, pre-polymerization and pre-crosslinking of acrylamide were taken at 40°C for 30
min (step ). After that, the mixed solution MXene was coated and then dried at 40°C for 30 min to form
the MXene-based sensing layer (step ). Finally, the steps  and  were repeated for three cycles and the
whole system was further dried at 40°C for 1h to prepare pressure sensor.

2.2 Characterization
Scanning electron microscope (SEM, FEI Verios G4) was used to observe the morphologies of
delaminated Ti3C2Tx MXene nanosheets, the structure of the MXene-based sensing layer and the resultant
pressure sensor. X-ray photoelectron spectroscopy (XPS), high resolution XPS analyses of the MXene
nanosheets and MXene-based sensing layer were investigated on a PHI5400 device (PE Corp., England).
X-ray diffraction (XRD) using an X'Pert Pro-diffractometer with Co Kα radiation (λ = 1.5418 Å) was applied
to characterize the chemical structure of sensing layer. Thermogravimetric analysis (TGA) (PerkinElmer)
was conducted to determine the real mass content of MXene in the sensing layer. The pressure sensor
was cut into dumbbell-shaped (20 mm × 2 mm × 0.2 mm, length × width × thickness) for the evaluation of
mechanical properties, and all tensile experiments were performed on a universal testing machine (Instron,
2710-004) with a tensile rate of 10 mm/min.

2.3 The Recognition of Voice and Writing
The sensing performance of the sensor was studied by a custom-built cyclic pressure system with
controlled force and frequency. The real-time output electric signal was recorded by using high-precision
electric signal detection source meter (Keithley, model 2450 and 6514) under the driving voltage of 0.5 V.
For voice recognition, the subject was asked to speak some words and sentences in “voiceless” or normal
manner, and the pressure sensor was attached on the vocal cords site to monitoring the vibrations of
vocal cords. In the writing recognition, the tester wrote Chinese characters and English words directly on
the surface of sensor with correct stroke order, error stroke order, different writing speed, various character
size and grip of the pen.

3. Results and Discussion
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3.1 Fabrication of Pressure Sensor
In this work, to obtain high sensitivity within small pressure range, the enhanced interfacial interactions in
MXene-based sensitive layers, as well as air gaps between sensing layers and �exible substrate were
constructed in sensor. Nacre, a gold standard for strong interfacial interactions attributed to the bonding
effects between aragonite platelets (95 vol%) and nano�brillar polymer (chitin and proteins, 5 vol%) [31,
32], provides an excellent example and guideline for assembling nanosheets into nanocomposites with
high-performance (Fig. 1a). In this architecture, the soft organic biopolymers act as a medium, allowing
for the sliding between ceramic aragonite under the action of external forces [27], which offers a new
approach to prepare sensors with high sensitivity by facilitating the relative slippage of the adjacent
conductive substates in sensing layer. Figure 1b schematically illustrates the key steps for the preparation
of pressure sensor by employing Ti3C2Tx MXene nanosheets and acrylamide as raw materials through
LBL assembly technology. The detailed characterization of the as-prepared Ti3C2Tx MXene nanosheets by
SEM, EDS mapping, XPS, and high resolution XPS are presented in Fig. S1. The ploy(acrylamide) (PAM)
�exible substrate was �rstly prepared via spinning coating acrylamide aqueous solution and polymerizing
acrylamide at 40°C for 60 min (Fig. b( )). Next, 2 mL of acrylamide aqueous solution per point was
uniformly added at different sites on PAM �exible substrate surface (Fig. b( )), pre-polymerization and pre-
crosslinking were following taken at 40°C for 30 min. Then, the mixed solution of MXene and acrylamide
was uniformly coated, and the MXene-based sensing layer was formed after drying it at 40°C for 30 min
(Fig. b( )). The steps  and  were repeated for three cycles and the whole system was further dried and
crosslinked at 40°C for 1h to obtain pressure sensor (Fig. b( )). As shown in Fig. 1c, d and Fig. S2, the
resultant sensor exhibits a well-de�ned multilayer structure, and air gaps are successfully constructed
between PAM substrate and MXene-based sensing layers (white arrows indication). Besides, the adjacent
sensing layers are tightly jointed by PAM polymer (Fig. 1e), which guarantees the structural stability of
device. Uniaxial elongation was applied to measure the �exibility, the pressure sensor possesses excellent
stretchability with the elongation up to 138% (Fig. S3), suggesting a good �exibility.

XRD, XPS, and high resolution XPS were applied to verify the hydrogen bonds interfacial interactions
between MXene nanosheets and PAM, all data were collected from the sensing layer. Figure 1f shows XRD
pattern in the (002) peak for MXene-based sensing layer and pure MXene. As comparing with pure MXene,
the main peak (002) of sensing layer clearly downshifts from ≈ 6.4° to ≈ 5.6°, which indicates the
increase of full width at half maximum (fwhm) resulted from the inhomogeneity and the spacing increase
between MXene nanosheets [23]. The enlarged interlayer spacing strongly suggests that the PAM polymer
could intercalate into the adjacent MXene nanosheets and bonding with them. Figure 1g is the element
diffraction spectra of the sensing layer and pure MXene. The intensity of O 1s and C 1s diffraction peaks
from sensing layer is obviously stronger by comparing with pure MXene. Due to the percentage of C and O
elements in PAM polymer is higher than that of MXene, the formation of PAM polymer increases the
proportion of C and O elements and then leads to the decreased percentage of Ti element in sensing layer.
TGA analysis was used to evaluate the real mass content of MXene in sensing layer, and MXene mass
content of about 92% is consistent with the theoretical mass ratio (Fig. S4). The hydrogen bonding
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between PAM and MXene nanosheets was analyzed on high resolution XPS. As shown in Fig. 1h and i,
diffraction peak of O element obtained from sensing layer upshifts from 527.1 eV to 529.4 eV (Fig. 1h), at
same time, diffraction peak assigned to F element shows a similar increase from 683.2 eV up to 684.6 eV
(Fig. 1i). These increases indicate that the electron-loss behavior of O and F atoms caused by H atom
attraction effect after the formation of − H···O and − H···F between PAM chains and MXene nanosheets
[33]. The above results demonstrate the formation of PAM polymer in sensing layer and bonding with
MXene nanosheets via hydrogen bonds. There are reasons to believe that the synergistic effects of
enhanced interfacial interactions in sensing layer and air gaps in device will be bene�t to improve the
sensing performance.

3.2 Ultrahigh Sensitivity and Good Sensing Performance
As discussion above, the high sensitivity in small pressure region is the key character for pressure sensor
to realize real-time, accurate, and reliable monitoring of the tiny pressure. So, some quantitatively
important parameters including of sensing sensitivity (S), stability, response time, cycle stability, and
�exibility are employed to evaluate the comprehensive performances and practicability of the resultant
pressure sensor [34]. Figure 2a presents the current versus changed voltage under various pressures
(pressure = 0.014, 0.085, 0.284, 1.20, 1.79, 2.00, 3.90, and 4.21 kPa) with the voltage varying from − 5.0 to
5.0 V. The linear dependence of voltage on the current under various external pressures indicates a good
ohmic contact between the sensing layer and the electrodes, which is a guarantee for effective evaluation
of sensor performance. The curves of ΔR/R0 as a function of the applied pressures in the range of 0.014 
− 7.45 kPa is shown in Fig. 2b. Electrical signals exhibit good repeatability when the sensor is subjected to
the small pressures less than 1 kPa (0.014, 0.085, 0.284, 0.893 kPa) and the higher pressures larger than 1
kPa, implying the outstanding response performance. Sensing sensitivity (S), de�ned as S=[(R–R0)/R0]/
ΔP, is a key performance parameter describing the ability of the pressure sensor to convert external
pressure into electrical signal. For tiny pressure perception, high sensitivity in small pressure rang is the
basic to device for realizing perfect sensing performance. In various pressure ranges of 0.014 − 0.089 kPa
and 1.20 − 7.45 kPa, ΔR/R0 showing linear increase with different slopes are clearly observed (Fig. 2c).

Within the range of pressure less than 1 kPa, ultrahigh S of 45.95 kPa− 1 (linear �t, R2 = 0.9950, Fig. 2c) is
higher than that of the previously reported tiny pressure perception sensors (e.g., sound recognition
sensors, Fig. 2d) [33, 35–45], demonstrating the ultrahigh sensing sensitivity within small pressure range
of the resultant pressure sensor. Although ΔR/R0 also presents linear increase in pressure range of 1.20 − 

7.45 kPa (Fig. 2c), the sensor has lower S of 5.03 kPa− 1 (linear �t, R2 = 0.9910). Stability and reliability are
also important properties for sensors in practical applications. When loading P = 0.893 kPa on the
pressure sensor for about 4s, the ΔR/R0 maintains a constant value until the external force removed
(Fig. 2e). The excellent stability and reliability were further approved by the resistance change under
changed pressures (Fig. 2f). ΔR/R0 increases up to 25 and holds this value for about 3s by applying 0.248
kPa on sensor. Following, with increasing pressure to 7.45 kPa, the ΔR/R0 is improved up to about 90 and
keeps this value for 3s, and then the value rapidly decreases to 20 once pressure reduced to 0.085 kPa. In
addition, the pressure sensor preforms fast responsiveness to the small pressure (P = 0.893 kPa) with a



Page 8/24

short response time of 123 ms and recovery time of 182 ms (Fig. 2g). The 2 000 cycles of loading and
unloading were conducted to evaluate the service life and durability of the sensor (Fig. 2h). After 2 000
cycles, the output current signal of the sensor remains stable, and the attenuation of the electrical signal is
negligible, suggesting the excellent durability under dynamic condition.

3.3 Sensing Mechanism
A possible model of the sensing mechanism based on crack-propagation is proposed in Fig. 3 to illustrate
the changes of conductive paths in the sensing layer. In this work, the ultrahigh sensitivity in a small
pressure range is achieved bene�ted from the synergistic effects of the enhanced interfacial interactions
in sensitive layer and the air gaps in device. These factors govern the response of conductive paths to the
deformation under the applied pressure [22, 25, 46]. According to the de�nition of sensitivity (S), S can be
signi�cantly improved through enlarging the resistivity change with a small pressure loading. Hence, the
easily deformation of sensing layer is the foundation to the resistance change especially in the small
pressure region. The constructed air gaps (Fig. 3a and b) provide the space to facilitate the deformation of
sensing layer along the force direction, which �rstly guarantees the destruction of MXene conductive
paths. In addition, based on our design strategy for sensing layer, PAM polymer with little mass
percentage (about 8%) act as medium was bonded with MXene nanosheets, resulting in sensing layer with
a compact rather than a loose structure due to the stronger interfacial interactions (Fig. 3c). Bene�ting
from the hydrogen bond interfacial interactions approved in Fig. 1f-i, the sliding of the adjacent MXene
nanosheets is improved owning to the stretchability and tractive effort of the PAM polymer chains, which
causes the partial destruction of conductive paths. With increasing pressure to 0.893 kPa, a relative loose
structure of sensing layer can be clearly observed (Fig. 3d and f), suggesting that the more cracks are
produced in the entire sensing layer (Fig. 3e). At this moment, due to the largest number of cracks
generation, the highest resistance in sensing layer and ultrahigh sensitivity of S = 45.95 kPa− 1 of sensor
are achieved. After that, if a bigger force further applied on the pressure sensor, few conductive paths
could be destructed because that PAM polymer chains will be further stretched to dissipate the external
force at this moment, producing a relatively small sensitivity of 5.03 kPa− 1 when the pressure larger than
1 kPa. In addition, after removing the pressure, the synergistic effects from air gaps and interfacial
interactions facilitate the structure recovery of device, which endows good stability and reliability to
sensor.

3.4 Voiceless Speaking Recognition
Among the various biosignals, language contains a wealth of content for daily information exchange in
time and amplitude domains [47]. However, for some special groups characterized with “voiceless”, they
cannot speak normally owning to some neurodegenerative diseases and the weakness of
lip/tongue/palate muscles [1]. In view of this situation, real-time and accurately learning their expression
content will be very valuable for those special people’s especially in a time of crise. So, because of its
ultrahigh sensitivity within small pressure range, the as-prepared pressure sensor used as a voice
recognition device was systematically investigated via the monitoring of vocal cords vibrations.
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The response of sensor to the Chinese phonetic alphabet and words, as well as English letters and words
were �rstly tested to evaluate the basic ability of voice recognition. As shown in Fig. S5, different tone “ā,
á, ǎ, à” of Chinese phonetic alphabet “ ” induce similar signal peak but produce various ΔR/R0 values. For
different tone, “á” or “à” possesses a relative higher volume and then loads bigger pressure on sensor, so
the larger ΔR/R0 is produce. In addition to Chinese phonetic alphabet, the sensor responses well to English
letters, twenty-six letters cause twenty-six different waveforms (Fig. S6). The highly sensitive to voice was
also proved by the identi�cation of Chinese and English words (Fig. 4a-e). When the subject said “ , , , ”
and “ , , , ”, respectively, single signal peak corresponding to every Chinese word repeats well (Fig. 4a
and b), while, the English word produces electrical signal with multiple characteristic peaks. By comparing
the electrical signals induced by Chinese words and English words, the obvious difference may be
attributed to the following reasons. Chinese words are all mono-syllabic and encompass four
pronunciation tones [48], which is different from the English words characterized with the combination of
both mono-syllabic and polysyllabic, therefore, each Chinese word can produce its own unique single peak
signal. The above results demonstrate the resultant pressure sensor has great potential application in
“voiceless” speaking recognition for the special groups. Consequently, the “voiceless” speaking from
special group in a state of crisis situations was simulated and recognized. As shown in Fig. 4e and f, there
is a good coincidence between the curves of voiceless and normal speaking regardless of the Chinese
phrase “ , , , ” and sentences “ ”, “ ”, as well as English sentences “It is a sunny day”, “This is
a pressure sensor”. Therefore, by comparing with the normal speaking curves, the real expression content
of “voiceless” speaking can be accurately recognized, suggesting that the sensor has great value to the
special groups.

Generally, each person's voice has different characteristics. For example, men and women has different
tones, and man's voice is more vigorous. Figure 5a and b show the comparison of voice signals from men
and women. Signal with sharp peak is obviously observed in the curves from the man’s voice (M, n and M,
v) due to the bigger pressure loaded on sensor, indicating that the device has a good ability to distinguish
the gender of the speaker. However, regardless of man or woman, there is a high degree of consistency
between the voiceless and normal speaking curves, besides, all curves have good agree with the spectrum
signals obtained from Adobe Audition. Emotion detection is especially helpful to these special groups,
such as voiceless personal, patients suffering from mental diseases, and empty nesters living alone.
Changes in mood during speaking can be well emerged via sound volume and/or frequency [49]. To prove
the usability for emotion detection based on voice signals, we used the pressure sensor to record voiceless
speaking with various sound volume or frequencies. As shown in Fig. 5c and d, sensor has excellent
capability to differentiate sound volume and frequencies. With increasing volume and frequency, the value
and the number of signal peak are signi�cantly improved, respectively. A wind-rose map was used to
display the form of emotion changes resulted from the detection of voiceless speaking with different
volume and frequencies, in which the volume and frequency of the sound signal can be represented by the
length and width of the petals (Fig. 5e). Based on this visual diagram, relaxed, calm, and nervous emotion
can be distinguished easily, providing a basis for whether help and emotion care need to be gave to these
special personal. In daily life, the sound from the animals is ubiquitous (e.g., dog, cat, bird, and so on).
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Although, natural sound has been proved to help to alleviate the increasing mental health and anxiety
problems of modern people, while it is easy to cause interference to the voice recognition and is usually
regarded as environment noise.50 To minimize the in�uence of unexpected environmental noises, voice
recognition sensors should possess the capability to distinguish animal’s sounds. The response signals
from different animal sounds (dog, cat, bird, and sheep) are shown in Fig. 5f. Superior detecting
performance is revealed by the as-prepared pressure sensor through recognizing animal acoustic
activities. The signals with multiple characteristic peaks not only exhibit excellent repeatability and good
consistency with the spectra recorded from Adobe Audition, but are obviously different from the curves of
human voice. That is to say, by taking advantage of the waveform analysis, it is easy to distinguish
whether the sound comes from person or environment. Thus, based on these above results, the pressure
sensor reported in this work is expected to help the special groups to transmit information or
communicate.

3.5 Abnormal Writing Recognition
In addition to language, character is another main form of daily communication. Nevertheless, some
people suffer from “dysgraphia”, indicating that they have speci�c disorder in written expression due to
diseases and/or lack of adequate education. Consequently, for these special groups, applying pressure
sensors to capture the important information that they want to express will be of great help in their lives.
For writing, the correct stroke order plays a decisive role to the accurate formation of character especially
for Chinese characters. So, high recognition performance of strokes is the prerequisite for writing
identi�cation. Figure 6 shows the excellent capability for the recognition of stroke order of different
Chinese characters “ , , , ” and the corresponding English words. The stroke types and order of
Chinese character “ ” is presented in Fig. 6a up. Taking “ ” as an example, single or multiple characteristic
peaks correspond well to the various strokes. It is a basic feature of writing that the amount of force
applied is different at the different parts of stroke. For Chinese character stroke, the starting, closing,
turning, and hook points are usually powerful, means that the relative bigger pressure will load at these
places. As shown in Fig. 6b, the Chinese character stroke “ ” possesses , , and  three power points, and
every point induces one characteristic peak. Similar, the English word “mom” consists three letters of “m”,
“o” and “m”, two different waveforms are produced by letters “m” and “o” (Fig. 6c). Moreover, , , and 
three power points from letter “m” results in three characteristic peaks (Fig. 6d). The as-prepared sensor
can accurately recognize Chinese words “ , ” and the corresponding English letters (Fig. 6e–h). In
addition, if write a character with error stroke order (Fig. 6i–k), the sensor shows similarly high recognition
capability. For example, the writing of Chinese character “ ” should to follow the stroke order from 1 to 7
(Fig. 6i up). The waveform induced by the writing with error stroke order signi�cantly differs that produced
by the correct writing (Fig. 6i). However, whether writing with correct or error stroke order, the characteristic
peak has good agree with the corresponding stroke. All above results demonstrate the pressure sensor has
high sensing performance of stroke monitoring and shows a great potential in writing recognition for
special groups with dysgraphia.
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Poor hand strength and endurance is often the cause of dysgraphia [4, 51]. To simulate the symptom of
powerless hand strength and endurance, three different kinds of pen (ballpoint pen, mark pen, and brush
pen) were used to write Chinese characters on sensor surface (Fig. 7a). Because of the difference of tip
hardness (ballpoint pen mark pen brush pen), the lower hardness will apply small pressure on sensor and
then leads to a little ΔR/R0 value (Fig. 7b). So, in this study, writing with ballpoint pen is regarded as the
writing under the normal hand strength. As shown in Fig. 7c, regardless of ballpoint pen, mark pen, or
brush pen used to write, all signal curves correspond well to the Chinese character stroke. Besides, the
comparison indicates that there is good consistency between signal curves each other no matter whatever
kind of pen used. At its broadest de�nition, dysgraphia is a disorder of writing ability at any stage, the
evaluations of character size, writing speed, grip of the pen, and so on, are the expert recommendation for
the diagnosis of dysgraphia in clinical application [4]. In this work, writing with too big and too small size,
various speed, and the abnormal grip of the pen were simulated to learn the writing content. Figure 8a and
b are the signal curves recorded by writing Chinese characters with different size. From these diagrams,
the changed size of character can be easily distinguished based on the gaps between the peaks because
that a big size needs more time to write at the constant writing speed. Importantly, no matter writing
Chinese character with big or small size, there is excellent consistency between these obtained
waveforms, which indicates that the writing content can be accurately known by comparing with the
electrical signal acquired under the writing with normal size. Similarly, when the pressure sensor used to
minor the different writing speed (Fig. 8c), the text content and writing speed are also easily recognized.
Figure 8d-f is the response of sensor to the writing with various grip of pen. No matter what way to hold
the pen, as long as the subject writes the character completely according to the correct stroke order, all the
electrical signals have a good consistency. In a word, by comparing with the signal curve obtained at
normal writing condition, the writing content of the special groups with dysgraphia can be accurately read.
This perfect performance will provide a great help to these people with disorder of writing ability to
express their real intention and emotion.

4. Conclusions
In summary, this work proposes a strategy to learn the real expression content from the special groups
with “voiceless” and/or “dysgraphia” diseases by recognizing voiceless speaking and abnormal writing.
To achieve this aim, high-performance pressure sensor with ultrahigh sensitivity within small pressure
region was designed. Air gaps in device and the enhanced interfacial interactions in sensing layers were
constructed to improve the sensing sensitivity. The resultant sensor exhibits ultrahigh sensitivity of 45.95
kPa− 1 within small pressure range (P < 1 kPa), short response and recovery time (123 and 182 ms), good
stability, and long-term durability with over 2000 loading/unloading cycles under P = 0.893 kPa. For
practical application, the sensor possesses excellent performance to sense the simulated “voiceless”
speaking and abnormal writing. Due to the highly sensitive to voiceless speaking and abnormal writing,
the real expression content from the special people can be accurately acquired.
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Figure 1

The fabrication of pressure sensor with the enhanced interfacial interactions in sensing layers and air
gaps in device. (a) Schematic drawing of the hierarchical structure of nature nacre with strong interfacial
interactions that resulted from the bonding between aragonite platelets (95 vol%) and nano�brillar chitin
and proteins (5 vol%). (b) Schematic illustration of the fabrication procedure for pressure sensor via LBL
assembly. ( ) Spin coating acrylamide aqueous solution ( ) dropwise adding acrylamide aqueous solution
at different sites on the surface of PAM �exible substrate ( ) the fabrication of MXene-based sensing layer
by coating the mixed solution of MXene and acrylamide ( ) steps  and were repeated for three cycles to
prepare pressure sensor. (c-e) The SEM images show that the resultant sensor with well-de�ned multilayer
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structure and air gaps in device (c d) and the adjacent sensing layers tightly jointed by PAM polymer (e).
(f) XRD patterns of pure MXene and MXene-based sensing layer. (g-i) XPS spectra (g) and high resolution
XPS spectra for O (h) and F element (i) of sensing layer and pure MXene.

Figure 2

Ultrahigh sensitivity and sensing performance of the resultant pressure sensor. (a) The I–V curves of
sensor under serial pressures. (b) Electrical signals produced by loading various pressures on sensor. (c)
Relative resistance change (ΔR/R0) as a function of the applied pressure in the range of 0−7.45 kPa.

Sensitivity (S) and linear behavior of sensor in pressure range of 0−1 kPa (S=45.95 kPa−1 R2=0.9950) and
1−7.45 kPa (S=5.03 kPa−1 R2=0.9910) respectively. (d) The comparison of sensitivity within pressure less
than 1 kPa between this work and the previously reported pressure sensors [33, 35-45]. (e) ΔR/R0 values of
sensor under periodic loading–unloading cycles with a constant pressure of 0.893 kPa. (f) Electrical
signals obtained by loading various pressures on sensor for about 3s. (g) The response and recovery time
of the sensor. (i) The durability measurement under cyclic loading–unloading at 0.893 kPa for 2 000
cycles.
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Figure 3

Sensing mechanism based on crack-propagation facilitated by the synergistic effects of air gaps and
hydrogen bond interfacial interactions. (a-b) Cross-sectional SEM image (a) and schematic drawing (b)
showing the initial architecture of the as-prepared pressure sensor and the air gaps constructed in device.
(d-e) SEM image (d) and schematic illustration (e) of structure of sensor after suffering pressure. (c f)
Cross-sectional SEM image of sensing layer before (c) and after loading pressure of 0.893 kPa (f).
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Figure 4

The recognition of normal and “voiceless” speaking. (a-d) Electrical signals with single peak (a-b) and
multiple peaks (c-d) induced by normally speaking Chinese words and English words respectively. (e-f)
The curves induced by the simulated “voiceless” speaking and normal speaking showing a good
coincidence.
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Figure 5

High recognition performance of sound volume frequency and environment noise. (a b) The comparison
of signals resulted from man and woman speaking different Chinese sentences in voiceless or normal
manner. “M n” and “W n” represents man or woman speaking normal while “M v” and “W v” is man or
women voiceless speaking. (c d) The response to the voiceless speaking with various volume (c) and
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frequencies (d). (e) Wind-rose map visually displaying the relaxed calm and nervous motion. (f) Superior
detecting performance of animal acoustic activities.

Figure 6

High sensing sensitivity to stroke order of Chinese characters and English words. (a) Different
Characteristic peaks caused by the different strokes of Chinese character “ ” and English word “dad”. (b)
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There are three characteristic peaks induced by   and  three power points of Chinese character stroke
“ ” (up) or English letter “d” (down) respectively. (c e g) The single curves obtained from recognizing the
different Chinese characters (up) as well as the corresponding English words (down). (d f h) The enlarged
images show that the multiple characteristic peaks induced by the different power points of Chinese
character stroke or English letter. (i-k) The comparison of signal curves between writing with correct (up)
and error (down) stroke order.

Figure 7

The recognition of writing with poor hand strength. (a) Three different kinds of pen with various tip
hardness (ballpoint pen mark pen brush pen) were employed to simulate the different hand strength. (b)
Column diagram exhibits the using of the pen with lower hardness to write character leading a little ΔR/R0

value. (c) The comparison of signal curves obtained from recognizing writing by using different pen.  
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Figure 8

The good recognition performance of writing with different character size writing speed as well as grip of
the pen.(a-c) Electrical signals acquired from monitoring writing with different character size (a b) and
various writing speed (c). (d-f) Signal curves recorded by writing different Chinese characters performed
under correct or error grip of the pen. The writing content from special groups with dysgraphia can be well
read by comparing with the signal curve obtained in the normal writing manner.
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