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or proximity sensor[7] have been widely 
applied in safe human–machine interac
tion,[8] environmental monitoring,[9] and 
healthcare management.[10]

Unlike conventional sensor platforms 
that deliver one or two sensing function
alities by separate devices, multimodal 
sensors endeavor to integrate multiple 
physical or chemical perceptions into a 
single device, and thus endow individuals 
with superior intelligence and interac
tivity.[11] For instance, Jung et  al. demon
strated a flexible sensor array capable 
of detecting pressure and temperature 
based on piezoresistive and thermoelectric 
effects, respectively.[12] Temperature and 
pressure sensing arrays are separated by 
an insulating film to ensure independent 
measurements. Similar functions were 
achieved in a more delicate fingertip
shaped resistive sensor,[13] where mate
rial tuning and strain isolation reduced 
coupling between measured variables. To 
further promote the versatility of sensors, 

Zhao et  al. integrated strain, pressure, and proximity percep
tions into a stretchable capacitor array, realizing contact and 
noncontact interactions.[14] In addition, multiple sensory modal
ities were also applied in plant growth management. Takei 
et al. proposed a flexible sensor sheet mainly based on ZnIn2S4 
nanosheets for optical, humidity, and temperature measure
ments.[15] Nevertheless, additional efforts should be made to 
bypass relatively complicated fabrications accompanied by intri
cate 3D structures.[13,14,16,17]

Printing methods are considered as a versatile category 
of fabrication technologies to realize functional flexible elec
tronics, including screen printing, inkjet printing and dispenser 
printing, etc. Their merits of customized prototyping, facile 
manufacturing steps and scalable fabrication[18,19] are prom
ising to overcome the sophisticated fabrications for multimodal 
sensors. Besides, most printing technologies rely on human
friendly functional inks rather than hazard chemicals[20,21] (e.g., 
photoresists or etchants in photolithography). Therefore, the 
printingbased scheme is environmentfriendly and has the 
potential to massively produce intelligent multimodal sensors 
for daily applications.

To extend the functionality of multimodal sensors while 
maintaining facile fabrication processes and overall perfor
mance after integration, a trimodal sensor sheet that can be 
fully manufactured by printing technologies is proposed. It 
integrates 4 × 4 pressure sensor units, 2 × 2 temperature sensor 

Flexible multimodal sensors are an indispensable part of Internet of Things 
for human–machine interfaces, health monitoring, and soft robots. Despite 
tremendous research efforts dedicated to high sensitivity, flexibility, and 
multifunctionality, these merits are conventionally accompanied with sophis-
ticated fabrications that hinder practical applications. Herein, a fully printed 
flexible trimodal sensor sheet containing 4 × 4 pressure sensor units, 2 × 2 
temperature sensor units, and 1 proximity sensor unit is proposed. Its elabo-
rate structure featured by a trifunctional bottom electrode layer effectively 
extends the functionality of this sensor sheet as well as maintains facile 
fabrication. The heterogeneous sensor units in this multifunctional device 
are rationally integrated to suppress crosstalk and mutual interference while 
keeping a compact configuration. Moreover, the integration of all function-
alities enables a dual-level detection capability, where proximity perception 
at the upper level can detect the event of interest to wake up temperature 
and pressure perceptions at the lower level. This provides a solution to free 
densely distributed sensor networks from a long-term operation, thereby 
saving power consumption. The fully printable multimodal sensor sheet 
shows potentials for low-cost macroscale flexible electronics.
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1. Introduction

Rapid development of Internet of Things (IoT) is paving the 
way toward the prospect where people live their lives through 
active interaction with smart networks. As one of the kernels 
of IoTs, flexible sensors have attracted extensive research inter
ests due to their ability to bridge individuals and surroundings 
with versatile sensory information. They are bendable, stretch
able, and lightweight, enabling them to be conformally attached 
onto diverse complex surfaces.[1,2] Due to these distinct fea
tures, such highperformance flexible devices including flexible 
pressure/strain sensor,[3,4] thermal sensor,[5] optical sensor,[6] 
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units, and 1 proximity sensor unit. The bottom electrode layer 
(BEL) of this sensor sheet, as the kernel of structural design, 
is efficiently utilized and can be reconfigured as a plate of 
pressuresensitive capacitors, thermistors, or a selfcapacitance 
proximity sensor. This feature leads to diverse sensing func
tions of the device without sophisticated structures or fabrica
tion processes. In addition, various sensor units are rationally 
integrated to achieve desired performances, including minor 
crosstalk between pressed points and inappreciable mutual 
interference between disparate sensing functions, while main
taining a compact configuration. The sensor sheet is capable 
of distinguishing objects at higher temperature from those at 
room temperature when in contact mode as well as detecting 
human palm at a distance of 110 mm in noncontact mode. To 
further demonstrate its intelligence and applicability, the three 
functions are integrated to realize a duallevel detection, where 
one noncontact perception at the upper level detects the event 
of interest to wake up the other two contact perceptions at 
the lower level. This strategy frees contact sensor arrays from 
continuous operation and thus reduces energy consumption, 

which provides another paradigm for the emerging fields of 
largearea prosthetic skin, bioelectronics, and largescale IoT 
networks.

2. Results and Discussion

2.1 Working Principle and Fabrication

Figure 1a depicts an exploded view of this sensor sheet. It 
mainly consists of a BEL and a top electrode layer (TEL), which 
are separated by an elastomeric layer. Both BEL and TEL con
tain 16 square electrode units. The top electrode units (TEUs) 
are separated from each other, while the bottom electrode units 
(BEUs) are interconnected. An adhesive film is used to stick 
elastomers to TEUs compactly.

To achieve distributed pressure perception, siliconebased 
elastomers are sandwiched into TEUs and BEUs as dielectrics to 
form 16 parallelplate capacitors (Figure 1a). Due to the applied 
pressure, the elastomer tends to deform, leading to a decrease of 

Figure 1. Schematic illustration and basic working principles of the fully printed trimodal sensor sheet. a) Exploded view of the sensor sheet. b) A bottom 
electrode layer and its circuit schematic in temperature sensing mode. c) Configuration of a bottom electrode layer as a self-capacitive proximity sensor.
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the distance between TEU and BEU, and then the capacitance 
increases. The elastomers are decorated with millimetersized 
domes to enhance the sensitivity in low pressure range and 
diminish relaxation time.[16] Here for this device, all BEUs and 
the interconnections among them are made of conductive silver 
inks (22.22 × 106 S m−1 after posttreatment), indicating that the 
whole BEL is electrically connected. Hence, each capacitor can 
be measured through its TEU and any part of BEL.

For temperature perception, the BEL is reconfigured as a 
series of thermistors, as illustrated in Figure  1b. Since most 
metals’ resistivities, including silver for this electrode, show 
linear dependence to temperature,[22] this layer is qualified as 
temperature transducers. According to Figure  1b, every four 
BEUs and the serpentine interconnection among them are 
organized as one thermistor. Four such thermistors are serially 
connected by their outer loop, which is not a closed loop due to 
the breakpoint on the left side. Thanks to this breakpoint, the 
resistance of each thermistor can be independently measured 
through its mounting points at the loop while the rest three 
thermistors are bypassed.

Proximity perception of this trimodal sensor sheet is based 
on selfcapacitance measurement (Figure  1c). The whole BEL 
serves as a sensing electrode, which projects electric field 
(Efield) lines to numerous directions when positively charged. 
When a conductor (e.g., hand) approaches, whether grounded 
or capacitively coupled to virtual ground, Efield lines partially 
converge to its surface, leading to an increment of the capaci
tance between the sensing electrode and ground. It has been 
proved that the detection range of a selfcapacitance sensor 
mainly depends on the size of its outer boundary, rather than 
inner patterns.[23] In this case, even if inner patterns of BEL 
are electromagnetically shielded by TEUs above (Figure 1c), the 
outer loop ensures a reasonable detection range of proximity 
perception. Finite element analysis has shown that the break
point of this loop does not attenuate the performance of prox
imity perception (Figure S1, Supporting Information).

The proposed trimodal sensor sheet can be successfully 
fabricated via offtheshelf materials and printing technolo
gies. Figure 2a demonstrates main fabrication steps, including  
1) screen printing silver ink on a polyethylene terephthalate 
(PET) film coated with a hydrophilic film to form BEL, 2) dis
penser printing siliconbased elastomers onto BEUs, 3) dis
penser printing silver paste to form connecting wires of BEL,  
4) dispenser printing silver paste on a polyimide (PI) film to 
form TEL, and 5) sticking an adhesive film on the elastomeric 
layer followed by laminating TEL. Details of fabrication pro
cesses are described in the Experimental Section.

Figure 2b shows a photograph of the printed device, where 
the unencapsulated sensor sheet was attached onto a cylindrical 
surface (diameter: 8  cm). Figure  2c,d illustrates top and side 
views of the printed elastomer in a parallelplate capacitor. Each 
piece of this 5  ×  5 mm2 elastomer contains 4  ×  4 uniformly 
distributed domes (center distance: 1.2 mm, height: ≈310 µm, 
maximum diameter: ≈1.0 mm). Figure 2e shows the connecting 
point between a silver paste wire and the pattern of BEL. As 
mentioned above, this multifunctional sensor sheet is based on 
reconfiguring BEL for three different perceptions, rather than 
stacking sensory layers that each of them takes charge of one 
single function. This layout leads to a compact vertical structure 

with a weight of ≈0.9 g and a thickness of ≈0.48 mm. Its flexible 
characteristic is demonstrated in Figure 2f.

2.2 Characterization of Trimodal Sensor Sheet

The response to pressure of this trimodal sensor sheet was sys
tematically investigated. Figure 3a shows relative capacitance 
change ΔC/C0 as function of static pressure. When pressure is 
below 150 kPa (3.75 N for 5  ×  5 mm2 area), a linear trend is 
demonstrated at the sensitivity 0.315% kPa−1. As the pressure 
further increases, domes in the dielectric get considerably flat
tened, leading to a degradation of sensitivity (0.17% kPa−1 near 
300 kPa). Figure 3b shows the sensor's response to an instant 
force (74 kPa). The response time in this case is 70 ms, which 
is slightly slower than that of human fingertip (30–50 ms).[24] 
After removing the load for 1.35 s, the sensing response drops 
to 2.5% (10% of the steady force value). Longterm operation of 
pressure perception was evaluated through loading/unloading 
cycles at 1 Hz. More than 2500 cycles ranging from 12 to 40 kPa 
indicates desirable stability and durability of pressure percep
tion (Figure 3c).

Structural design of this trimodal sensor sheet is beneficial 
to reduce crosstalk between adjacent pressure sensor units. In 
general, the deformation of a pressuresensitive capacitor tends 
to propagate to another if their electrodes or dielectrics are spa
tially connected by materials with high Young's modulus, thus 
resulting in crosstalk.[14,25,26] In this sensor sheet, the connected 
BEUs of all capacitors are designed on the lowermost layer to 
minimize deformation, and TEUs as well as dielectrics of all 
capacitors are spatially separated to diminish propagation of 
their deformations. As shown in Figure 3e, a 200 g load and a 
fourlegged stage were utilized to press corners of this sensor 
sheet (Figure  3d) and the results show that capacitances of 
capacitors adjacent to pressed points rarely increase (Figure 3e). 
Average increment of pressed points is ≈16 times of their adja
cent nonpressed points. Therefore, pressuresensitive array in 
this sensor sheet can effectively avoid crosstalk.

Next, coupling from temperature variation to pressure per
ception was investigated. Since the dielectric of pressuresensi
tive capacitors are made of silicone, whose permittivity is stable 
under environmental temperature,[27] these capacitances tend to 
be insensitive to temperature variation. Figure 3f shows cooling 
process of the sensor sheet from ≈45 °C to room temperature 
(≈19 °C) and resultant variation of pressuresensitive capaci
tance. This 0.018 pF variation corresponds to a 4.8 kPa load sub
ject to the calibration line in Figure 3a, where the full sensing 
range reaches over 350 kPa. This evidence shows that pressure 
perception of this sensor sheet can almost work independently 
without being affected by temperature variations, which meets 
the requirement for smart sensors in daily lives.[17]

Temperature perception of the fully printed trimodal sensor 
sheet is achieved by reconfiguring BEL as a series of thermis
tors. Figure 4a illustrates relative resistance change ΔR/R0 of 
a thermistor as function of temperature, as R0 was recorded 
at 20 °C. This sensor sheet demonstrates linear temperature 
sensing ability at a sensitivity of 0.15% °C−1, which is attributed 
to intrinsic properties of metallic materials. Under dynamic 
heating/cooling cycles (onecycle period ≈10.75 min), the curve 
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of ΔR/R0 shows consistency among consecutive eleven periods 
(Figure 4b).

Serpentine pattern of these thermistors can achieve better 
response (ΔR/R0) under a stimulus of relatively small area 
(e.g., finger). For comparison, a solid square thermistor of 
the same size (15  ×  15 mm2) was fabricated. As shown in 
Figure  4c, both kind of thermistors are heated in two ways. 
When finger almost covered the whole sensitive area, both 
thermistors presents similar response. However, if only the 
central part of thermistors is touched, the response of the 
solid square thermistor notably diminishes, while that of  
the serpentine thermistor is much better maintained. To 
explain this difference, conductive paths in the thermistors 
are considered. For the serpentine pattern, all conductive 
paths between two measuring terminals pass through the 

center of the pattern, suggesting that resistivity along all paths 
increases once the center is heated. By contrast, conductive 
paths in the solid square pattern are much less concentrated 
and only part of them tend to be resisted if only the center gets 
heated. Finite element analysis was implemented to simulate 
temperature distributions (Figure S2, Supporting Informa
tion) and responses (Figure S3a, Supporting Information) of 
both thermistors under various sizes of contact areas, proving 
again the superiority of the serpentine thermistor to the solid 
square thermistor. This advantage also works for materials 
with various thermal conductivities (Figure S3b, Supporting 
Information). Hence, the serpentine thermistor is more sensi
tive to smallarea heating compared with its counterpart. This 
merit becomes more valuable in the proposed trimodal sensor 
sheet, because heat transmission from corners of a thermistor 

Figure 2. a) Flow chart of fabrication processes using printing technologies. b) Photo of patterns after fabrication step 3, which was attached onto a 
cylinder (diameter: 8 cm). c) Top- and d) side-view of confocal scanning laser microscopy images of printed elastomers. e) Confocal scanning laser 
microscopy image of connecting point between silver paste wire and electrode on the bottom electrode layer. f) Photo of the fabricated sensor sheet.
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to an external object is attenuated by the elastomers, while the 
central part of the thermistor is easier to be heated. From the 
perspective of signal to noise ratio, the performance of ser
pentine thermistor is also superior to that of solid square one 
since absolute values of its resistance and response are much 
larger. Thus, additive noise from the measuring instrument 
is relatively smaller on the signals of serpentine thermistor 
(Figure 4c).

Proximity perception of this printed trimodal sensor sheet, 
which is based on the selfcapacitance of BEL, was also char
acterized. An object placed at a distance d from the sensor 
sheet increases the selfcapacitance from Cw(d) to Cwo(d) 
(Figure  4d). The increment “Cw(d) − Cwo(d)” is regarded as 
the response to such an object at the distance d to eliminate 
baseline drift of selfcapacitance.[28] Figure 4e shows response 
curves to three different objects, including an aluminum 

Figure 3. Pressure sensing performance of the fully printed trimodal sensor sheet. a) Relative capacitance variation of the parallel-plate capacitor in 
response to applied pressure. b) Transient response to instant force. c) Performance of pressure sensing under repeated loading/unloading cycles. 
The pressure ranges from 12 to 40 kPa. d) Experimental setup to evaluate multipoint pressure sensing ability and e) its result. f) Variation of pressure-
sensitive capacitance in response to temperature (45–19 °C).
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plate (90 × 70 × 7 mm3), a wooden hand, and a human hand, 
where d ranges from 210 to 10 mm. Each curve is fitted to a 
doubleexponential function. To determine the maximum 
detection range, the minimum variation that data acquisition 
(DAQ) system can discern from random noise, namely detec
tion threshold, should be considered. Assuming the threshold 
is 0.01 pF, the human hand could be detected at the farthest 
distance (110 mm), while the wooden hand and aluminum 
plate could be perceived at 64 and 62 mm, respectively (inset 

of Figure 4e). In practical applications, the DAQ system for a 
selfcapacitance proximity sensor can be equipped with a dig
ital filter, which updates the baseline of selfcapacitance in real 
time.

Responses of all these three perceptions to uniform 
bending were investigated to evaluate the performance of this 
sensor sheet on curved surfaces. Corresponding results and 
discussions can be referred to Figure S4 in the Supporting 
Information.

Figure 4. Proximity and temperature sensing performance of the fully printed trimodal sensor sheet. a) Relative resistance variation of thermistor 
in response to temperature. b) Performance of perception sensing under repeated heating/cooling cycles. c) Comparison of thermistors of different 
patterns under contact. d) Experimental setup to characterize self-capacitive proximity sensing. e) Self-capacitance variation when various objects 
approach. The inset of (e) shows maximum detection ranges at the detection threshold of 0.01 pF.
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2.3 Application Scenarios of Trimodal Sensor Sheet

Figure 5 demonstrates several applications of the fully printed 
trimodal sensor sheet. As shown in Figure  5a, the output of 
temperature perception under multiple stimuli is recorded. 
When a finger touches the center of the thermistor, its output 
rises by nearly 0.6% (Movie S1, Supporting Information). Since 
the finger provides both pressure and thermal stimuli, the 
same place is subsequently touched using a glass rod, whose 
surface temperature is much closer to that of environment. The 
tip of this glass rod is covered with a soft material to increase 
contact area comparable to that of a human finger. When the 
rod repeatedly touches this device, the output varied less than 
0.02%, indicating that temperature perception of this trimodal 
sensor sheet is independent from normal pressure. In this way, 
the sensor sheet is capable of distinguishing objects at room 

temperature from that at higher temperature. In addition, 
human breath can significantly raise the output (2.5–3%). This 
output drops off when a window is opened (outdoor tempera
ture ≈9 °C, room temperature ≈20 °C), but soon recovers as the 
window is closed.

Then, multipoint pressures are applied on the 4 × 4 capacitor 
array in the trimodal sensor sheet (Movie S2, Supporting Infor
mation). Schematic of data acquisition, based on a selfmade 
printed circuit board (PCB) (Figure S5, Supporting Information), 
is illustrated in Figure  5b. Figure  5c shows responses to three 
different gestures. With the realtime display interface, incre
ments of all capacitances are visualized in grayscale on a 4 × 4 
square array. Both twopoint and threepoint gestures result in 
clear patterns in the display interface, without noticeable cross
talk between adjacent points. More details of data acquisition 
and display interfaces are in the Experimental Section.

Figure 5. Application scenarios of the fully printed trimodal sensor sheet. a) Response of temperature sensing perception to warm finger, glass rod 
at room temperature, human breath, and outdoor breeze. b) Schematic of electrical connection for the sensor sheet to acquire all measured variables 
based on a self-made DAQ PCB. CDC and RDC represent on-chip capacitance-to-digital convertor and resistance-to-digital convertor, respectively.  
c) Capability to distinguish multipoint gestures. d) Integration of all the three perceptions to achieve a dual-level detection. Monitors can visualize 
increments of measured variables of pressure–proximity–temperature in real time.
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Multifunctionality of this trimodal sensor sheet allows inter
actions in both contact and noncontact manners. All the three 
perceptions are integrated to achieve a duallevel detection, 
where proximity perception at the upper level detects the event of 
approaching objects to wake up the other two perceptions at the 
lower level (Movie S3, Supporting Information). In general, con
tact sensor arrays (pressure, touch, shear force, etc.) are supposed 
to have higher spatial resolution than noncontact sensor arrays 
(proximity, gas, light, etc.).[29–32] With contact perceptions alone, 
densely distributed sensor units have to operate continuously to 
detect any possible emergency or excitation, which is tedious and 
energy consuming. For this device, its proximity perception is 
capable of detecting an external object from various directions. 
Using such a smart function, the other two contact perceptions 
(pressure and temperature), subject to 16 capacitors and four 
resistors, can stay in an idle state at the most of time. They get 
awakened only when the proximity perception successfully 
detects an approaching object. This duallevel mechanism, sim
ilar to the eventbased scheme, is expected to save much meas
urement work and endow the whole system with intelligence.

Figure 5d demonstrates main stages of the duallevel detec
tion. All measured information is visualized in three realtime 
display interfaces. At first, the sensor sheet works in the prox
imity sensing mode, while an algorithm deployed in the DAQ 
system continuously updates the baseline of selfcapacitance. 
With a human hand approaching from multiple directions 
(upper left, upper right, and top), the selfcapacitance increases 
and leads to an event of approaching objects, represented by 
turning red of the status light in monitor 2 (Figure 5di). Details 
of the realtime data processing algorithm are in Figure S6 in 
the Supporting Information. Second, the pressure and tempera
ture perceptions wake up, indicating the start of corresponding 
measurements. Meanwhile, a finger slides along the marked 
blue path and capacitances in monitor 1 respond one by one 
subject to the applied force (Figure  5dii). At the same time, 
monitor 3 tracks responses of thermistors induced by the tem
perature of finger touch. After the finger is released from the 
surface of sensor sheet, these two contact perceptions are still 
active because the palm remains in the detection range of prox
imity perception. In the final step, pressure and temperature 
perceptions return to the idle state as the hand moves away, 
indicating that measurements related to these two percep
tions are suspended. In this case, the status of light in monitor 
2 returns to green and the proximity perception of the sensor 
sheet starts to wait for a next approaching object (Figure 5diii). 
Besides selfpowered,[33] passive,[17] or eventbased[34] sensing 
mechanisms that reduce energy consumption in sensor net
works, the proposed solution based on duallevel detection 
simplifies measurement work of contact perceptions and thus 
offers another promising paradigm for longterm operating 
prosthetic skin and largescale IoT systems.

3. Conclusions

In summary, we developed a flexible multimodal sensor sheet 
compatible with fullprinting fabrication. Stable and simul
taneous pressure–temperature–proximity perceptions are 
achieved with inappreciable interference. The elaborately 

designed BEL structure serves as the building block for all the 
three perceptions, which extends functionalities of this sensor 
sheet while maintaining facile fabrication and compact configu
ration. Dualmodal detection, a combination of contact and non
contact perceptions, is demonstrated to simplify measurement 
work of contact sensors and thus saves most sensor units from 
continuous operation as well as inefficient energy consumption.

In addition, the abovementioned performances are not 
attributed to extraordinary properties of specific materials, indi
cating that the proposed sensor structure as a general solution 
can be further extended by advanced materials. The trimodal 
sensor sheet is compared with previously reported flexible sen
sors that contain both contact and noncontact sensing abilities 
(Table S1, Supporting Information). Few works have three or 
more independent functionalities and complex fabrication 
processes are still required. Hence, the facilely manufactured 
and highly integrated multimodal sensor sheet is potential to 
emerge as a promising route toward lowcost macroscale flex
ible electronic systems.

4. Experimental Section
Printing Methods and Materials: The mask-free, digitized dispenser 

printing is preferred to pattern the sensor sheet. Silver paste 
(BASE-CD01, Shanghai Mi Fang Electronics, China) with relatively high 
viscosity (≈12 000 mPas) is compatible with dispenser printing and thus 
was used to pattern ordinary conductors including TEL and connecting 
wires. Silicone-based ink (SENS-P300, Shanghai Mi Fang Electronics, 
China) with 15 000 mPas viscosity was printed using the same method 
to build the elastomeric layer. Silver ink (SENS-T02A, Shanghai Mi Fang 
Electronics, China) with temperature sensitivity was used to pattern BEL. 
Due to its low viscosity (6 mPas), dispenser printing is not suitable for 
patterning it and screen printing was chosen instead. PET film (thickness 
≈50 µm) with hydrophilic coating was chosen for patterning BEL and PI 
film (thickness ≈25 µm) was chosen for TEL.

Fabrication Process of Fully Printed Trimodal Sensor Sheet: Silver ink was 
deposited on a PET film to form the BEL. Then the film was sintered 
(150 °C, 15 min). A microelectronic Printer (Scientific 3, Shanghai Mi 
Fang Electronics, China) was used to conduct dispenser printing, namely 
forming an elastomeric layer onto the BEL. Silicone-based ink was 
printed from a needle (diameter: 510 µm) to deposit thin silicone films 
right above each BEUs. Next step, the needle was replaced (diameter: 
250 µm) and 4 × 4 liquid silicone drops were printed at the spacing of 
1.2 mm on each of the silicone films to form a dome array. Silver paste 
was printed from a needle (diameter: 160 µm) to deposit connecting 
wires (line spacing: 1 mm) of BEL. The device was then sintered (120 °C, 
20 min), until all patterns were cured. A PI film (thickness: 25 µm) 
was prepared and silver paste was printed on it (diameter of needle: 
250 µm) to form TEL, followed by sintering (120 °C, 20 min). Finally, 
a commercial adhesive film (50 × 50 mm2 PET film coated with acrylic 
acid on both sides) was fixed on the patterns of the PET film, followed 
by laminating the TEL onto the adhesive film. Structural morphologies of 
printed patterns were captured by a confocal scanning laser microscopy 
(VK-X100, Keyence Corporation, Japan).

Characterization for Pressure Perception: For experiments of calibration 
and long-term operation, a compression testing machine (ZQ-990B, Zhiqu 
Precision Instrument, China) was used to apply ascending or periodic 
force on this sensor sheet through a cylindrical tip with ≈5 mm diameter. 
To evaluate pressure perception toward instant force, a commercial 
impact sensor (NOS-FVA200, Nos-sensor, China) was fixed under the 
sensor sheet. To investigate the coupling from temperature variation to 
pressure perception, the sensor sheet was fixed on a heating plate which 
was then heated to nearly 45 °C. After the temperature of heating plate 
and capacitance value stabilized, the heat source was turned off to cool 
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down the plate gradually. A material tester (Instron 34SC-05, Instron, 
USA) was used to apply force on the curved sensor sheet. Capacitance 
acquisition for all experiments in this section was done by a capacitance 
meter (TH2638, Changzhou Tonghui Electronic Co. Ltd., China).

Characterization for Temperature Perception: A hot plate (ET-1515, 
ETOOL, China) was used to heat the sensor sheet. Its temperature was 
monitored by an infrared camera (FLIR-E76, FLIR Systems, Inc., USA). 
Cyclic heating/cooling test was conducted with the help of a self-made 
equipment where the temperature was measured by a PT100 sensor. 
For comparative experiment between serpentine and solid square 
thermistors, both thermistors were fabricated in the same way as that of 
BEL. Resistance acquisition for all experiments in this section was done 
by a digital multimeter (Truevolt 34461A, Keysight Technologies, USA).

Characterization for Proximity Perception: Self-capacitance for 
proximity perception was measured using a self-made PCB (Figure S5a, 
Supporting Information) based on a commercial digital signal processor 
chip (PCap01AD, ams, Austria), which contains on-chip capacitance-to-
digital convertor (CDC). To calibrate proximity perception, this sensor 
sheet was settled on a fixed board and a movable board was prepared 
above it to place external objects (Figure 4d). First, the distance between 
these two boards was set to a distance d. Later, self-capacitance was 
measured under two circumstances, namely with and without the 
object on the movable board, denoting the results as Cw(d) and Cwo(d), 
respectively. By taking both measurements in a very short period, the 
baseline of self-capacitance was almost constant during this time. Thus, 
“Cw(d) − Cwo(d)” eliminated the effect of baseline drift. Moreover, the 
movable board contributed equally to both Cw(d) and Cwo(d), indicating 
that it did not influence “Cw(d) − Cwo(d)”.

Data Acquisition and Display Interfaces: To simultaneously acquire 
multimodal sensory information from the sensor sheet, a data 
acquisition PCB (Figure S5a, Supporting Information) containing a digital 
signal processer, a microcontroller and multiplexors was designed. The 
digital signal processor chip (PCap01AD, ams, Austria) contains on-chip 
CDC and resistance-to-digital convertor (RDC). The sensor sheet was 
connected to this DAQ PCB as Figure 5b describes. All four pairs of wires 
in BEL were multiplexed into measuring terminals of RDC, so that all the 
2 × 2 thermistors can be measured. One wire of BEL was connected to 
one measuring terminal of CDC and all 16 wires of TEU are multiplexed 
into another. In this way, parallel-plate capacitance between each TEU 
and BEL in the 4  ×  4 pressure-sensitive array can be measured. Using 
the only wire of BEL connected to CDC, self-capacitance of BEL can be 
measured. A Microcontroller (STM32F103RCT6, STMicroelectronics, 
Switzerland) in the DAQ PCB controlled multiplexors and digital signal 
processor to deploy measurement work. It also executed the algorithm 
for real-time proximity perception (Figure S6, Supporting Information). 
Raw sensory data and output of this algorithm (successful detection or 
not) are transmitted to a laptop through a serial port.

Display interfaces that ran in a laptop were programmed using 
MATLAB R2019b. They visualized sensory data received from DAQ PCB. 
In the case of dual-level detection, they also sent command to DAQ 
PCB based on the results of proximity perception. The DAQ PCB then 
followed the command to enable or suspend the measurement work of 
pressure and temperature perceptions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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