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Abstract

Flexible pressure sensors with high stretchability, sensitivity, and stability are undoubtedly urgently required for
potential applications in intelligent soft robots, human-machine interaction, health monitoring, and other fields.
However, most current flexible pressure sensors are unable to endure large deformation and are prone to
performance degradation or even failure during frequent operation due to their multilayered structures. Here, we
propose a stretchable all-nanofiber iontronic pressure sensor that is composed of ionic nanofiber membranes used
as dielectric layers and liquid metal used as electrodes. This sensor exhibits a high sensitivity of 1.08 kPa™ over a
wide range of 0-300 kPa, with a fast response-relaxation time of about 18/22 ms and excellent stability. The high
sensitivity comes from the electric double layer formed at the ionic film/electrode interface, while high
stretchability and stability are enabled by in-situ encapsulated all-nanofiber structures. As a proof of concept, a
prototype sensor array is integrated into a soft pneumatic gripper, demonstrating its capability of pressure
perception and object recognition during the grasping process. Thus, the scheme provides another excellent
strategy to fabricate stretchable pressure sensors with superb performance in terms of high stretchability,
sensitivity, and stability.
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INTRODUCTION

Haptic sensing capabilities that mimic the functionality of human fingers are highly desired for soft robots
to improve their intelligence, especially for soft grippers. Flexible sensors, which transduce external stimuli
into electronic signals, have been widely used in various applications, such as human-machine
, and electronic skins (e-skin)'*. Integrating flexible pressure
sensors into soft grippers can endow them with tactile perception for interacting with humans or the

3-5]

interaction, wearable health monitoring'

external environment more safely and stably. Stretchability is an important property of flexible sensors
when applied to the curved and soft surfaces of soft robots. It ensures a stable sensing function even under
dynamical mechanical deformations®'”. In addition, high sensitivity is fundamental for guaranteeing that
intelligent soft robots can detect subtle external stimuli in dynamic environments and achieve accurate
feedback. Furthermore, flexible sensors should operate stably for extended periods in a harsh and
complicated environment"'. Accordingly, flexible sensors with high sensitivity, stretchability, and stability
are of great significance to achieve reliable sensory feedback for soft robots.

Over the last two decades, significant efforts have been dedicated to developing various types of flexible
sensors, such as flexible piezo-resistive!>"”, piezo-capacitive!*'?, piezo-electric!”'¥, and triboelectric
sensors"*. Among these, piezo-capacitive flexible pressure sensors have attracted great attention due to
their advantages of low power consumption, low signal drift, and simple structures. A piezo-capacitive
sensor consists of a trilayered structure comprising two parallel electrode layers and an inner dielectric
layer. The capacitance change of traditional piezo-capacitive pressure sensors comes from structural
deformation under external mechanical stimuli, leading to geometrical changes. The performance of piezo-
capacitive pressure sensors can be improved by incorporating microstructures on the surface of electrodes
, micropyramid
|, and more can effectively improve sensitivity, response speed, limit
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or the dielectric layer. Previous studies have indicated that introducing microcones
arrays'””, and micropillar array:
of detection (LOD), and other parameters. However, although microstructures can enhance compressibility
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and elasticity of the dielectric layer, the improvement of sensitivity for traditional capacitive pressure
sensors is still limited due to the structural stiffening of microstructures™. As the pressure increases, this
can lead to finite changes of geometrical properties, further constraining sensitivity improvement. Defects of
piezo-capacitive pressure sensors, including low sensitivity and low capacitance values typically only on the
pF scale®”, make the capacitance values susceptible to external disturbances.

Recently, the sensitivity of piezo-capacitive pressure sensors has been improved by using iontronic films as
dielectric layers to construct iontronic pressure sensors. These iontronic films contain cations and anions,
forming an interfacial electric double layer (EDL) when in contact with the electrode. The capacitance of the
interfacial EDL is determined by the contact area between the iontronic layer and the electrode layer, and it
is typically more than 1,000 times higher than that of traditional sensors®***. Compared with traditional
piezo-capacitive sensors, iontronic pressure sensors exhibit extremely high initial capacitance and pressure
sensitivity. However, existing iontronic pressure sensors face challenges due to their convoluted fabrication
process, which involves constructing microstructures through costly or complex manufacturing approaches
(e.g., photolithographic routes”*?, laser sculptures”*, templated methods"”***, and others). Additionally,
these sensors require layer-by-layer (LbL) assembly of each functional layer */. Another primary issue
associated with iontronic pressure sensors is their brittle stability because of the non-bonded interfaces**!
and mechanical mismatch** between each stacked functional layer (e.g., the electrode layer and inner
dielectric layer). As a result, separation”*! or delamination***"! occurs under complex or large mechanical
deformations, making them less desirable for practical applications. It is, thus, imperative, albeit
challenging, to develop stretchable pressure sensors with high sensitivity and stability through a more
straightforward approach.
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In this article, we bring forward a stretchable all-nanofiber iontronic pressure sensor (SNIPS) with high
sensitivity and stability, achieved using the manufacturing approach of electrospinning and stencil printing.
The high sensitivity is realized through the interfacial EDL sensing mechanism and the microstructure of
electrospun nanofibers. The SNIPS also provides a low detection limit of 50 Pa and a fast response speed.
The stretchability of the sensor allows for integration on the surface of a pneumatic soft gripper with great
conformability. Additionally, we successfully realized object recognition based on machine learning with an
accuracy of 94%. Based on this facile method, the SNIPS offers an effective fabrication approach for e-skins
of soft robots.

EXPERIMENTAL

Materials

The GO powder (purity > 99%, Sifma-Aldrich) has diameters ranging from 0.5 to 5 pm and thickness
ranging from 0.8 to 1.2 nm. The PVDF-HEP pellets (Mw = 3.0 x 10*) and TPU pellets (Mw = 6.0 x 10*) were
purchased from Aladdin Industric Inc. The ratio of Galinstan liquid metal (Shenyang Naijujie Scientific
Instrument Co., Ltd., Shenyang, China.) was 68.5% Ga, 21.5% In, and 10% Sn. The iontronic liquid
[EMIM][TESI] with purity > 99% was purchased from Aladdin Industric Inc. The N,N-Dimethylacetamide
(DMAC) was purchased from Sinopharm Chemical Reagent Co., Ltd, Mw = 87.12 g/mol.

Preparation of PVDF-HFP and PVDF-HFP/[EMIM][TFSI] nanofiber membrane

For a pristine PVDF-HFP nanofiber membrane, the PVDE-HFP pellets were dissolved in DMAC
(concentration of 10 wt.%) and stirred (Huafeng, Jiangsu) at 60 °C for 8 h to prepare the PVDF-HFP
precursor solution. The electrospinning parameters of PVDF-HFP nanofibers were an applied voltage of
10 kV, a collecting distance of 10 cm, and an ink propulsion speed of 300 uL/h using a needle inner
diameter of 210 um. The iontronic PVDF-HFP/[EMIM][TFSI] precursor solution was prepared by mixing
the iontronic liquid of [EMIM][TESI] (mass ratios were 1:2, 1:1, and 2:1) in PVDF-HFP precursor solution,
followed by stirring for 2 h. The PVDF-HFP/[EMIM][TESI] nanofibers were then deposited onto a ground
rotating roller (50 rpm). The electrospinning parameters were adjusted depending on the mass ratio of
[EMIM][TFSI].

Fabrication of the all-nanofiber iontronic pressure sensor

The TPU pellets were dissolved in DMAC at 60 °C for preparing the TPU solution with 20 wt.%
Electrospinning was adopted to obtain TPU nanofibers at spinning parameters of voltage 12 kV, receiving
distance of 15 cm, propulsion speed of 300 pl/h, and needle inner diameter of 210 pm. The GO powder was
dissolved in DMAC under sonication (KQ2200DE, China) for 3 h with a concentration of 5% for preparing
GO/TPU composited precursor solution. After that, the TPU pellets were added and electromagnetic
mixing at room temperature for 6 h. The GO/TPU composite nanofiber membrane was achieved under
electrospinning parameters: applied voltage of 10 kV, collecting distance of 160 mm and flow rate of
300 pL/h.

The SNIPS was constructed in four steps. Firstly, deposition of pristine TPU nanofibers was carried out
under the processed parameters mentioned above for 2 h. Then, the GO/TPU composite nanofiber
membrane was deposited through electrospinning GO/TPU precursor solution for 1 h. Subsequently, the
bottom liquid metal electrode was patterned directly on the surface of the GO/TPU composite nanofiber
membrane through screen printing, and fine copper wires were embedded to connect to measurement
equipment. After the inner dielectric layer was put on the bottom liquid metal electrode, a thin adhesive
layer of GO/TPU nanofibers was deposited through electrospinning GO/TPU precursor solution for
20 min, and the top liquid metal electrode was directly printed. Following this, the GO/TPU precursor

solution was electrosprayed for 1 h. Lastly, the electrospun TPU solution was deposited for 2 h to cover the
device.
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Fabrication of the pneumatic soft gripper integrated with all-nanofiber iontronic pressure sensors
The pneumatic soft gripper was fabricated through a mold-casting method by pouring Dragon Skin 30
(Smooth-On, USA) into 3D-printed molds. Three molds (A, B, and C) were 3D printed (Lite 300HD,
UnionTech Ltd., Shanghai, China) with light-sensitive resin (DSM Somo Imagine® 8000). Molds A and B
were assembled together to construct the top layer, while mold C was used to construct the bottom layer.
Liquid Dragon skin 30 (weight ratio of parts A and B was 1:1) was poured into corresponding molds and
heated for 3 h under 80 °C; the top and bottom layers were bounded together by painting a thin layer of
silicone rubber adhesive (Sil-Poxy, Smooth-On, USA) on the bonding interface after being released. Lastly,
the liquid Dragon skin 30 was painted on the surface of the pneumatic soft finger, and a prepared iontronic
pressure sensor array was covered. The integration of the sensor was completed after natural curing for 8 h.
The three-finger pneumatic soft gripper is designed as a pneumatic network consisting of an extensible layer
with discrete bellow-type chambers and an inextensible layer with a flat sheet structure. The soft finger
produces a bending motion as the chambers inflate. The FEA method: FEA was performed by commercial
software. The TPU nanofiber membrane used as the base of the sensor was modeled as a linear elastic
material. The material parameters were Young s modulus of E ~ 1.0 MPa, Poisson’s ratio of 0.4, and mass
density of 1.23 g/cm’ according to experimental results. The iontronic nanofiber membrane was also
modeled as a linear elastic material with Young’s modulus of E ~ 8.0 MPa, Poisson’s ratio of 0.35, and mass
density of 1.8 g/cm’. A dielectric layer was randomly perforated with holes to simulate the high porosity of
the iontronic nanofiber membrane. Contact interactions were set between the surfaces of the dielectric layer
and the base. All contact interactions were assumed to be frictionless without penetration. The boundary
condition of displacement set at the right side of the base was 25, and the left side was -25, both in the
direction of U1l. The length of the sensor was 100 and would be stretched to 150 (50%) during the
simulation. Keyframes were chosen to evaluate the influence of the stretching on the stress distribution of
the dielectric layer.

Characterization and measurements

The scanning electron microscope (SEM) images were captured by a field emission scanning electron
microscope (SU-70, Hitachi, Japan). The static contact angle of liquid metal was measured through a
Contact Angle Analyzer (JC2000D5H, Powereach, China). The resistance and capacitance were measured
by a digital multimeter (Agilent 34401A, USA) and a precision LCR meter (Agilent E4980AL, Keysight,
1 kHz frequency, 500 mV applied voltage), respectively. Environmental temperature and relative humidity
were measured by a measuring instrument (GMe620, Shanghai Tianzhi Intelligent Technology Co. Ltd.,
China). Photographs and videos were captured with a Huawei smartphone (Mate 40 Pro, China).

RESULTS AND DISCUSSION

Fabrication process of the SNIPS

Figure 1A depicts that SNIPS consists of four functional layers. These layers include two pure thermoplastic
polyurethane (TPU) nanofiber membranes, which are used as the top and bottom encapsulation layers.
Additionally, two graphene oxide (GO)/TPU nanofiber membranes are used for printing liquid metal
electrodes. The top and bottom printed liquid metal serves as electrodes for charge induction, while an
electrospun iontronic nanofiber membrane acts as the inner dielectric layer. The precursor solution of the
inner iontronic dielectric nanofiber membrane is prepared by mixing the iontronic liquid 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) into the high dielectric constant
matrix of poly(vinylidene fluoride-co-hexafluoropylene) (PVDE-HFP). The liquid metal electrodes and
PVDEF-HFP/[EMIM][TFSI] ionotronic nanofiber membrane act as the pressure-sensitive unit for
generating the EDL effect. Traditionally, the fabrication of piezo-capacitive pressure sensors typically
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Figure 1. The structure and fabrication of the SNIPS. (A) Schematic diagram of the SNIPS structure; (B) Schematic illustration of the
fabrication process using electrospinning and screen-printing approach; Photographs of the fabricated SNIPS enduring deformations of
(C) bending, (D) stretching, and (E) wrapping. GO: Graphene oxide; SNIPS: stretchable all-nanofiber iontronic pressure sensor; TPU:
thermoplastic polyurethane.

involves three steps: constructing the inner dielectric layer, creating the top and bottom electrodes, and
encapsulating the device by assembling each layer. In contrast, our flexible pressure sensor is fabricated in a
one-step facile electrohydrodynamic jet printing manufacturing approach. The schematic fabricating
procedure is illustrated in Figure 1B. Electrospinning is adopted for depositing nanofibers to construct each
functional layer, and liquid metal electrodes are patterned through stencil printing. The detailed fabrication
process of the device and the inner iontronic PVDF-HFP/[EMIM][TFSI] nanofiber membrane is described
in the “EXPERIMENTAL SECTION”.

The electrospun TPU nanofiber membrane is chosen as the substrate and encapsulation layer due to its high
stretchability. Highly conductive liquid metal is patterned on the surface of the electrospun GO/TPU
nanofiber membrane, which is constructed by incorporating GO with TPU. The GO/TPU is used as a
bonding layer because the -OH groups provided by GO can in-situ form hydrogen bonds with the liquid
metal oxide layer [Supplementary Figure 1]. These formed hydrogen bonds can improve the adhesion and
wetting characteristics of liquid metal to the GO/TPU nanofiber membrane!™. As shown in Supplementary
Figure 1A, the interfacial interaction between liquid metal and pristine TPU nanofibers is weak. However,
as illustrated in Supplementary Figure 1B, liquid metal forms an interfacial interaction induced by hydrogen
bonds with GO/TPU nanofibers. As shown in Supplementary Figure 2A, the morphology of electrospun
TPU nanofiber is explicit, and the corresponding contact angle to liquid metal is 155°. After incorporating
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GO with TPU, cross-link networks of GO/TPU nanofibers, induced by GO, are formed, and a
corresponding contact angle of the liquid metal to GO/TPU nanofiber membrane is decreased to 127°
[Supplementary Figure 2B]. Furthermore, Supplementary Figure 3 illustrates that the maximum elongation
of the TPU nanofiber membrane is 650%, with Young’s modulus of about 0.5 MPa. For the GO/TPU
nanofiber membrane, the maximum elongation is 480%, with Young’s modulus of about 0.9 MPa, proving
excellent flexibility and stretchability of both the GO nanofiber membrane and GO/TPU nanofiber
membrane.

As mentioned above, typical capacitive pressure sensors are fabricated in multi-steps, requiring
encapsulation, while our flexible pressure sensor is fabricated in a one-step procedure. The electrospun
nanofibers interconnect and stack together during the depositing process. As shown in Figure 1C, the
multilayered device exhibits distinct structural integrity, benefitting from this fascinating process. This
ensures excellent stability and durability. Figure 1D demonstrates that the SNIPS exhibits high strength and
toughness, allowing it to withstand stretching deformation. Moreover, the mechanical compliance of the
device enables it to wrap around a cylindrical surface [Figure 1E]. Additionally, the PVDF-HFP/
[EMIM][TESI] dielectric layer is encased in TPU nanofiber membrane packing materials to keep oxygen
and water away from the inner iontronic nanofiber membrane, ensuring long-term stability.

Pressure sensing mechanism and key components design of the SNIPS

The SNIPS exhibits extremely high sensitivity by utilizing the EDL-sensitive mechanism that the
supercapacitance generates at the interface between the electrolytic and electronic components. This is
achieved by sandwiching the iontronic PVDF-HFP/[EMIM][TFSI] nanofiber membrane, containing
massive positive and negative charged ion pairs, between the top and bottom liquid metal electrodes. The
pressure sensing mechanism is illustrated in Figure 2A and B. Electrons on the liquid metal electrodes and
the ions in the dielectric nanofibers attract and accumulate in a nanometer distance, which leads to an
ultrahigh capacitance value that is essentially proportional to the electronic-ionic contact area between the
electrode and the inner dielectric layer. As illustrated in Figure 2A, under the unloading situation, only a
few iontronic nanofibers contact the electrode, resulting in a low initial capacitance. As illustrated in
Figure 2B, after pressure is applied, the electronic-ionic contact area increases as the iontronic nanofiber
membrane is compressed. More iontronic nanofibers begin to touch the electrodes and result in the
increase of EDL area and, accordingly, an increase of capacitance. The compression of nanofiber
membranes leads to two changes: the change of thickness and the contact area of EDL capacitors, both of
which result in the change of capacitance. According to the equivalent model of EDL, the capacitance of
SNIPS comes from the direct plane-parallel capacitor and the top and bottom EDL capacitors (Cyp,, and
Cip,)- Since the EDL capacitance is far higher than that of the plane-parallel capacitor, the capacitance of
SNIPS is mainly determined by the EDL capacitance.

The electrospun pure PVDF-HFP nanofibers exhibit relatively smooth surfaces and are uniformly
interleaved and deposited together [Supplementary Figure 4]. However, the electrospun iontronic PVDEF-
HFP/[EMIM][TESI] nanofiber membrane, formed by mixing iontronic liquid of [EMIM][TFSI] into
PVDE-HFP, contains massive positive and negative charged ion pairs distributed within the PVDF-HFP
nanofibers. The interface between [EMIM][TESI] and PVDF-HFP matrix involves noncovalent
interactions, which leads to a well-stated bonding of ions to PVDF-HFP nanofibers. As illustrated in
Supplementary Figure 5, a higher content of [EMIM][TEFSI] results in more iontronic solids precipitated on
the surface of PVDF-HFP nanofibers and finer fiber diameter. The conductivity of the precursor PVDE-
HFP/[EMIM][TESI] solution increases with the addition of [EMIM][TFSI], and the jet is prone to furcate
and whip during the spinning process. Eventually, the electrospun nanofibers entangle together
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Figure 2. The sensing mechanism of the SNIPS. Schematic illustration of the SNIPS structure (A) before and (B) after applying pressure;
(C) The initial capacitance and final capacitance of sensors packed different dielectric layers; (D) Normalized change in capacitance as a
function of the pressure of SNIPS packed different dielectric layers; (E) Normalized capacitive change as a function of the pressure of
SNIPS with different dielectric layers; (F) Photographs and SEM images of the liquid metal electrode surface at the initial and stretching
states; (G) Normalized resist change of the liquid metal electrode stretched to a strain of 100% over 3,000 cycles; (H) The relative
capacitance variation of the SNIPS under different pressures. SNIPS: stretchable all-nanofiber iontronic pressure sensor; SEM: scanning
electron microscope.

[Supplementary Figure 6] when the content of [EMIM][TESI] to PVDE-HFP ratio exceeds 2:1, resulting in
a very uneven electrospun iontronic PVDF-HFP/[EMIM][TFSI] nanofiber membrane, and the morphology
of nanofibers is poor [Supplementary Figure 7].

In order to assess the effect of [EMIM][TFSI] contents on the capacitance value and pressure sensing
performance, different inner dielectric layers, including PVDF-HFP nanofiber membranes and PVDF-HFP/
[EMIM][TFSI] nanofiber membranes with different [EMIM][TFSI] contents (1:2, 1:1, and 2:1), are
prepared. Figure 2C shows the initial capacitance without applied pressure and the final capacitance after
applying 300 kPa pressure of devices packed with prepared dielectric layers. The initial capacitance C, is
about 6.8 pF, and the final capacitance C is about 28.8 pF for the sensor packed with PVDF-HFP nanofiber
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membranes, which only exhibits a slight increase in capacitance variation. After adding [EMIM][TFSI],
both the initial capacitance and final capacitance increase, and the capacitance value increases with the
increase of [EMIM][TFSI] contents. For [EMIM][TFSI] contents of 1:1, the initial capacitance C, is about
78 pF, and the final capacitance C is about 10 nF. Sensors using PVDF-HFP/[EMIM][TFSI] nanofiber
membranes with contents of 2:1 exhibit maximum initial capacitance. It proved that the capacitance of EDL
is typically more than 1,000 times higher than that of traditional sensors, and the capacitance greatly
changed under applied pressure for sensors using PVDF-HFP/[EMIM][TFSI] nanofiber membranes as
dielectric layers.

To further explore the effect of [EMIM][TFSI] contents on the pressure sensing performance, the
capacitance of different sensors under different applied pressures is measured. As shown in Figure 2D, the
capacitive response of all the sensors increases with applied pressure ranging from 0 to 300 kPa. Sensors
using PVDF-HFP nanofiber membranes as dielectric layers exhibit the worst response performance, and
sensors using PVDF-HFP/[EMIM][TFSI] nanofiber membranes with contents of 2:1 as dielectric layers
exhibit the highest response performance. As shown in Supplementary Figure 8, for sensors using
PVDEF-HFP nanofiber membranes as dielectric layers, the capacitance only increases three times and four
times after applying pressures of 100 kPa and 300 kPa, respectively, and exhibits poor linearity in the whole
pressure range. The sensor using PVDF-HFP/[EMIM][TFSI] nanofiber membranes with contents of 2:1
exhibits the highest response performance because more [EMIM][TESI] contents result in a higher
capacitance density. However, the conductivity of the precursor ink for electrospinning ionotronic
nanofiber membrane increases with the addition of [EMIM][TFSI]. The spinnability becomes poor for
precursor ink with higher conductivity, and the electrospun nanofibers cannot form a continuous porous
network and are easy to agglomerate together and form larger clusters [Supplementary Figure 7]. As shown
in Figure 2D, sensors using PVDF-HFP/[EMIM][TESI] nanofiber membranes with [EMIM][TFSI] contents
of 2:1 exhibit unstable sensing performance, and the linearity is poor. For comparison, sensors with
[EMIM][TFSI] contents of 1:1 performance have high sensitivity and good linearity in the whole pressure
range. The pressure sensing performance is also influenced by the thickness of the iontronic nanofiber
membrane. As shown in Figure 2E, larger thickness leads to higher sensing performance as larger thickness
results in better compressibility, and the change of EDL area becomes larger under external pressure.
However, larger thickness leads to larger sizes of the SNIPS, which limits the application scenarios.

Flexible electrodes are essential components for flexible sensors. Conventional electrodes of capacitive
sensors face challenges in striking a balance between conductivity and stretchability, which can influence
the stability of the device. In this work, we patterned liquid metal on the surface of the GO/TPU nanofiber
membrane through stencil printing. Incorporating GO with TPU can enhance the interfacial bonding
between liquid metal and GO/TPU nanofiber membranes, leading to high stability of the patterned liquid
metal structure during the stretching process. We print a liquid metal electrode with an area of 4 x 4 mm’
on the surface of the GO/TPU nanofiber membrane and observe the morphology during the stretching
process. As shown in Figure 2F, the liquid metal can uniformly coat the surface of the GO/TPU nanofiber
membrane. After the electrode is stretched over 100%, the liquid metal, bonded by the substrate, remains
smooth and flat and can deform in the stretching direction without structural breakage. After subjecting the
electrode to 3,000 stretching cycles at 100% strain, the initial resistance of liquid metal changes from 1.5 to
5.6 Q [Figure 2G]. Throughout the stretching process, the maximum resistance of the electrode remains
below 10 Q (the resistance increases from 5.6 to 8.2 Q for the 3,000th stretching cycle). The observation of
little drift in resistance and no failure of the structure of the liquid metal electrode enables the device to
achieve excellent stability under high stretching deformation.
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Lastly, we constructed a device using a packed PVDF-HFP/[EMIM][TFSI] nanofiber membrane with
thickness of 20 pm and an [EMIM][TESI] content ratio of 1:1, with a sensing area of 4 x 4 mm?®. Sensitivity
is a key parameter of pressure sensors, defined as S = 8(AC/C,)/5P, where C, is the initial capacitance, P is
the applied pressure, and AC = (C - C,) is the relative change of capacitance under the applied pressure P.
Figure 2H shows that capacitance responses of the SNIPS, which have two stages. High sensitivity of
1.08 kPa™ is observed in the pressure range of 0-100 kPa. The second stage, from 100 to 300 kPa, exhibits a
linear sensing behavior with sensitivity of 0.8 kPa". The all-fabric structure, porous iontronic dielectric
nanofiber membranes, and electrical properties of liquid metal electrodes play critical roles in improving the
sensing performance.

Sensing performance of the SNIPS

The sensing performances, including dynamic performance, LOD, response/relaxation time, and durability,
were investigated. We first test the real-time capacitive responses of SNIPS under loading/unloading
pressures of 5, 15, 60, and 100 kPa for five cycles at each applied pressure. As shown in the testing results
demonstrated in Figure 3A, the pressure sensor not only presents stable capacitance responses with high
repeatability but also is capable of responding to continuous pressure with different loading amplitudes.
These results indicate that SNIPS can potentially detect dynamic consecutive pressure. As shown in
Figure 3B, the sensor could accurately respond to an ultralow pressure of 50 Pa, with the capacitance
increasing from 121 to 122.2 pF. To investigate the response time of SNIPS, a pressure of 50 kPa is carefully
loaded onto the device and then quickly removed after 0.5 s. As depicted in Figure 3C, the capacitance of
SNIPS rapidly ascended within 18 ms as the external pressure applied, and then it maintained at a stable
value. As the pressure was removed, the capacitance promptly recovered to its initial value in about 22 ms
(as shown in the insets of Figure 3C). To investigate the durability, the SNIPS is subject to 5,000
compression and release cycles at a repeated pressure of 100 kPa. Figure 3D exhibits that no fatigue or
capacitance drift appears after cyclic compression, confirming the high durability of SNIPS. Additionally,
the iontronic pressure sensor is in-situ sealed, ensuring that the structure of the sensor remains stable under
different compressions.

Considering that most flexible sensors are inevitably affected by stretching, we proceed to characterize the
sensing performances of our sensor in stretching conditions. We applied stretching up to 50% strain (each
strain of 10%, 30%, 40%, and 50% is repeated five times) and measured the corresponding capacitance
change. As shown in Figure 4A, the capacitance of SNIPS increases with the stretching. The capacitance
response to a strain of 10% approximately changes from 121 to 170 pF. With an increase in stretching, more
change of capacitance is produced. However, when the stretching exceeds the strain of 30%, the capacitance
will change abruptly and become unstable. For a strain of 50%, the device exhibits a maximum deviation of
approximately 85% (121 to 210 pF). Figure 4B and Supplementary Video 1 demonstrate the results of finite
element analysis (FEA) that simulates the stretching process of the sensor. More details of the FEA
simulation can be found in the “EXPERIMENTAL SECTION”. For a low stretching rate, the TPU layer
exhibits more obvious local stress, and nearly no local stress occurs for the iontronic layer. Upon the strain
exceeding 30%, local stress appears and becomes concentrated in a specific region of the ionotronic layer
with increasing stretching. The nonuniform distribution of stress on the ionotronic nanofiber membrane
results in abrupt and unstable capacitance changes.

To confirm the stability under stretched conditions, we applied 30% strain on SNIPS for 3,000 cycles and
measured the capacitive variation. As shown in Figure 4C, the capacitance stably changed from 121 to
165 pF with the stretching, and no change of initial capacitance was observed after cyclic stretching. The
pressure-sensing response curves of sensors at different stretching conditions are shown in Figure 4D. Our
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Figure 3. Sensing properties of the SNIPS with optimized configuration. (A) Dynamic response of relative capacitance variation loading
with different pressures; (B) The LOD test of the SNIPS; (C) Transient response of relative capacitance variation to an applied pressure
of 50 kPa. The insets show the response/relaxation time of SNIPS; (D) Long-term stability tested by compression and release over
5,000 cycles under external pressure of 250 kPa. LOD: Limit of detection; SNIPS: stretchable all-nanofiber iontronic pressure sensor.

sensor can properly operate under no-strain conditions and stretching deformation of 10% and 30% strains,
which reflect the steadiness and accuracy of pressure sensing performance. We ascribe the high stability
performance to the stacked structure of nanofibers, as well as the liquid metal electrode. The structure of
liquid metal remains stable, benefitting from the selective adhesion of liquid metal to different layers. As
shown in Supplementary Figure 9, no structural damage is observed for liquid metal is adhesive to the
GO/TPU nanofiber membrane and is repellent to the inner iontronic nanofiber membrane. The Young’s
modulus of the iontronic nanofiber membrane is about 1 MPa [Supplementary Figure 10], which is far
larger than that of the TPU nanofiber membrane and the GO/TPU nanofiber membrane. The gradient
distribution of Young’s modulus not only reduces the stress concentration of the inner iontronic layer but
also ensures the structural stability of the iontronic layer during the compressive process [Supplementary
Figure 11].

To improve the stretchability of the all-nanofiber iontronic pressure sensor, PVA solution with high
Young’s modulus is coated around the iontronic nanofiber membrane, forming a rectangle structure to
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Figure 4. Performances of the stretchable SNIPS under a state of stretching deformation. (A) The variation of initial capacitance of
SNIPS under stretching up to 50%; (B) Finite element modeling of stress distribution in a device under applied stretching up to 50%. The
encapsulated layer and dielectric layer are modeled as incompressible materials with Young's moduli of 0.5 MPa and 60 MPa,
respectively; (C) The capacitance changes during stretching-recovery cycles over 5,000 times under strains of 30%; (D) Normalized
capacitance changes of the SNIPS under different strains and pressures. SNIPS: Stretchable all-nanofiber iontronic pressure sensor.

reduce the stress concentration during the compression process. As shown in Supplementary Figure 124,
the constructed all-nanofiber iontronic pressure sensor with the PVA-coated dielectric layer maintains
stable sensing performance with a 10 kPa gradient pressure under 50% stretching. As shown in
Supplementary Figure 12B, no loss of sensitivity is observed under stretching of 0%, 30%, 40%, and 50%,
proving that the constructed all-nanofiber iontronic pressure sensor with the PV A-coated dielectric layer
possesses high stability and stretchability.

We subject the constructed SNIPS with the PV A-coated dielectric layer to different external pressures of 100
kPa with diverse frequencies under a condition of 50% stretching. As shown in Supplementary Figure 13,
the PVA-coated SNIPS maintains a stable output response under 100 kPa external pressure with frequencies
of 1, 1.5, 2.5, and 3 Hz, proving its dynamic sensing performance under stretching deformation. In
conclusion, the constructed all-nanofiber iontronic pressure sensor with a PV A-coated dielectric layer can
stretch up to 50% strain.

E-skins integration for pneumatic soft gripper

As illustrated in Supplementary Table 1, our SNIPS offers a combination of high sensitivity, stability, and
stretchability compared to other capacitive pressure sensors. The high stretchability and stability of SNIPS
allow us to measure tactile sensing for soft robots. Herein, a sensor array, including three devices with a
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response unit of 4 x 4 mm?, is attached to the surface of a homemade pneumatic soft gripper. Figure 5A
demonstrates that the compliance mechanical properties allow the sensor to maintain intimate contact with
the surface of soft robots even over a large deformation. We measured the capacitive response of the
integrated sensor when the soft fingers were pneumatically bent without air pressure. The capacitance
changes from 121 to 136 pF [Figure 5B] under an air pressure of 30 kPa. The capacitive variation stably
remains at 15.4 pF [Figure 5C]. However, the capacitance changes from 121 to 490 pF [Figure 5D] when the
soft finger grabs a bottle under an air pressure of 30 kPa. The capacitance stably remained at 220.3 pF
[Figure 5E], indicating that the integrated pressure sensor is less affected by bending deformation. As shown
in Figure 5F, the sensor enables quantitative recognition of different types of touched objects, including
PDMS, bottles, and fabrics. There is a minimal change of capacitance resulting from touching PDMS for its
softness. The capacitive variation is significant for stress concentration caused by microstructures of fabrics.

Real-time monitoring of grasping strength is of great significance for soft grippers. Based on the excellent
pressure sensing performance of SNIPS, we used the integrated sensor to detect the falling of grasped
objects [Figure 5G and Supplementary Video 2]. Jitter is a very common problem for manipulator robots
and leads to accidental falling of grasped objects and even object damage. Apart from grasping force
detection, the sensor can also detect jitter signals during the grasping process. As shown in Figure 5H,
characteristic waveforms of jitter signals caused by hand movement can be observed. From the enlarged
view of the inset, the peaks can reflect the strength of hand shaking [Supplementary Video 3]. These
demonstrations prove that our sensor is useful in tactile sensing ability for soft robots.

Application of pressure distribution detection and target identification

The tough integration of the sensor-robot also enables the application of detecting pressure distribution. As
shown in Figure 6A and B, we used sensory-integrated soft grippers to grasp an empty bottle container
(weight: 15 g) and a bottle container full of water (weight: 235 g). As shown in Figure 6A, we first examined
the capacitance changes during grasping an empty bottle. Because the weight of the empty bottle is lighter,
the contact force focuses on the middle position, and the grasped pressure gradually varies according to
corresponding pressure mapping. By contrast, when the weight of the grasped object increases, the pressure
distribution focuses on the bottom position since the grasped object is relatively heavy [Figure 6B]. The
intelligent soft gripper has a potential application in identifying grasped objects based on machine learning.
We adopted the GDBT method for training, and Figure 6C is the diagram for identifying. Each object is
grasped for 100 times [Supplementary Figure 14 and 15]. The result of the confusion matrix is shown in
Figure 6D, showing that the pneumatic soft gripper integrated with SNIPS has recognition accuracies of
> 94% for all the objects. We expect that our sensor can be used to achieve stable haptic sensations for soft
robots.

CONCLUSIONS

In summary, we have constructed SNIPS for soft robots. Owing to the excellent mechanical properties of
nanofibers, the excellent electrical performance of liquid metal electrodes, and EDL interfacial effects, the
fabricated SNIPS shows high sensitivity of 1.08 kPa™, a fast response time superior to human skin, and
excellent stability. The proposed pressure sensor can endow tactile sensing ability for soft robots. We
demonstrate applications of detecting grasping force and jitter signals. Lastly, the intelligent soft gripper
achieved grasped object identification with a recognition accuracy of > 94% based on machine learning.
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Figure 5. Soft robot-sensor integration and its applications in grasping objects. (A) Photographs of a pneumatic soft gripper merge with
a sensor array consisting of three sensors; (B) The capacitance change for a sensor integrated on the surface of pneumatic soft fingers
under different air pressures; the pneumatic soft finger does not touch objects during the bending process; (C) The corresponding
capacitance change during inflating-deflating cycles over 5,000 times; (D) The capacitance change for a sensor integrated on the
surface of pneumatic soft fingers under different air pressures; the pneumatic soft finger touches a hard bottle during the bending
process; (E) The corresponding capacitance change during touching-releasing cycles over 5,000 times; (F) Capacitance change when
touching different objects; (G) Tactile sensing by grasping a plastic ball (weight: 25 g); (H) Capacitance change when shaking the
grasped object.
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Figure 6. Use of the intelligent soft gripper-integrated stretchable pressure for detecting the gripping force position and target
recognition. (A) Optical images of grasping an empty bottle and corresponding mapping of the capacitance changes; (B) Optical images
of grasping a bottle full of water and corresponding mapping of the capacitance changes; (C) The illustration of the target recognition
process, including sensor data collection, machine learning training, and real-time prediction; (D) Recognition confusion matrix of
recognizing grasped targets.
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