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ABSTRACT: 

Design and fabrication of highly sensitive and flexible sensors is an area of intense interest and 

research, but is limited with respect to the detection range and application (e.g., deployment in 

both terrestrial and aquatic remits). Here, we present flexible pressure sensors (FPSs) 

comprising graphene and PANI embedded polyethylene oxide and exhibiting ultralow detection 

limits. These sensors were prepared using a modified electrohydrodynamic (EHD) jetting 

method and enabled wearable monitoring of physiological parameters and selective aquatic life 

activity. Sensor thickness, resistance, and sensitivity were modulated through jetted layers. 
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Through EHD jetting, the minimum detected static pressure was seen to be 12 Pa. The strain-

resistance test displayed a gauge factor of 5.5 under a bending strain of 12.5-50 %. 

FPS engineering was performed using a green, sustainable, and cost-effective approach and 

demonstrated high sensitivity, ultralow detection limits, rapid response, and excellent 

mechanical durability. Detection of minute signals during physical activity (e.g., finger 

movement, facial expression, cough, hand gestures, acoustic vibrations, and real-time pulse 

waves of near-body states) was shown. Furthermore, real-time detection of underwater activity 

elucidates the potential in emerging healthcare, environmental, and bio-related monitoring.  

	

KEYWORDS: composite sensors; submersible; wearable; amphibious; electrohydrodynamic 

jetting. 

 
1. Introduction 

    Flexible pressure sensors (FPSs) have attracted significant interest recently, owing to their 

potential applications in tactile perception1, wearable health monitoring2, human- machine 

interfaces3, and soft robot developments4. FPSs based on piezoresistive materials are favorable 

because of their simple device structure, facile signal processing, low energy consumption, and 

potentially high pixel density5. Compared to traditional FPSs prepared on silicon substrates 

incorporated with fragile and hard sensing layer; new-generation of FPSs based on flexible 

materials are readily compatible and adhered to curved surfaces such as human skin without 

any property degradation6. To broaden and realize further potential of FPSs, recent efforts have 

focused on constructing complex architectures and microstructures of sensing or substrate 

layers as well as developing deformable sensing materials with specific conductive 
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characteristics7-13. Recent technological advances in both structure and material composition 

contribute to improving flexibility, sensitivity, stretchability, sensing range, reducing detection 

limits and response time of FPSs. However, FPSs with broad sensing ranges show relatively 

low sensitivity and this has limited their potential application outreach where FPS with ultralow 

pressure detection is a requirement14. 

    Sensors with detection limits in the subtle-pressure regime, e.g. ultralow pressure (<1 Pa) 

and subtle pressure (1 Pa-1 kPa) can be used for minuscular pressure detection as well as tactile 

tracing in healthcare and medical diagnostic systems15. The fabrication of flexible sensors used 

for ultralow pressure detection is based on well-developed micromachined technologies. These 

processes are not cost-effective and generally involve multiple complicated steps. In addition, 

despite current advances surrounding immersible sensor technology, in particular for the 

perception of hydraulic pressure from rapid shocks in the aquatic world, the development of 

flexible sensors for ultralow pressure detection with ultrahigh sensitivity (e.g., data collection, 

activity tracking, and hydraulic distribution) for envisioned real-time monitoring in liquid 

medium is still in its infancy. Furthermore, custom-built submersible sensors still exhibit 

limited flexibility or fall short of achieving ergonomic curvature, and this affects their 

sensitivity for emerging applications in healthcare. 

    Electrohydrodynamic (EHD) 3D printing is an emerging micro and nanoscale additive 

manufacturing that can fabricate high-resolution 2D and 3D constructs for various applications 

including artificial tissue, sensors, and electronic devices16-17. EHD 3D printing is a process 

whereby an electrostatic force is applied to liquid phase inks to form a stable cone, and a fine 

jet produces fiber from the apex of the cone18. The fabrication of loaded fibers can be printed 
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in a single-step process, in an ambient environment, at nominal cost19-20. EHD printing is 

favourable for polymeric materials embedded with functional nanoparticles or bioactives when 

compared to other 3D printing methods21-22. Most other 3D printing methods are limited in 

resolution, temperature, material diversity, and selection. Therefore, this work employed a 

modified inexpensive EHD printing method to fabricate flexible polymeric pressure sensors for 

the application of both health and submersible signal monitoring. Furthermore, functions of 

submersible sensor from EHD printing remain a challenge in the assessment of underwater 

physical activity as different materials will be acquired during sensor ingrained into liquid 

environment. 

    Here, we report a highly sensitive FPS with a linear detection range blow 3.4 kPa, 

comprising an adjustable elastomeric layer fabricated in a single-step using a relatively low-

cost electrohydrodynamic (EHD) jetting process, for various localized, physiological and 

submersible detection applications. Electrical conductivity and mechanical properties were 

facilitated by selecting graphene (G) and polyaniline (PANI) which form strong π-π stacked 

interactions. The morphology, chemical composition, interior structure, sensitivity, strain-

resistance property, and electromechanical performance of the fabricated FPSs were 

investigated alongside the bending effects and the stability of the composite structures. To 

demonstrate rapid response and high flexibility in real-time physical applications, signals 

generated by pulse wave, sound, swallowing, grip, and spatial detections were studied. 

Furthermore, submersible real-time detection and underwater response of the FPS were tested 

using butterfly goldfish. 

 

2. MATERIALS AND METHODS 
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2.1 Materials 

    Single-layered graphene (G, purity > 98%) possessing a monolayer thickness of 2 nm was 

purchased from Suzhou Tanfeng Graphene Technology Co., Ltd, China. Polyaniline (PANI, 

purity > 98%) with a conductivity of 7.5 S/cm and molecular weight (Mw) of 50,000-60,000 was 

obtained from Kuer Bioengineering Co. LTD., China. Polyethylene oxide (PEO, Mw = 900,000) 

was supplied by Huagao Fine Chemical Co., Ltd., China. The base and curing agent of 

polydimethylsiloxane (PDMS, Sylgard 184) were provided by Dow Corning (USA). Absolute 

ethyl alcohol (EtOH) was obtained from Sinopharm Chemical Reagent, China. Purified water 

was produced utilizing a Millipore Milli-Q Reference ultra-pure water purifier (USA). All 

chemicals and components were of analytical grade and were used without further purification 

unless stated otherwise.  

 
2.2 Solution preparation 

    To investigate EHD jetted sensors, sensing layers comprising PANI and G were fixed at 

1.5 w/v% and 0.5 w/v%, respectively. Formulated ink for sensing layer fabrication was prepared 

by dispersing 0.5 w/v% G (Figure 1I) and 1.5 w/v% PANI (Figure 1Ⅱ) into a co-solvent system 

(deionized water and EtOH at a volume ratio of 3:7, respectively) and this was homogenized 

for 30 min at stable speed (∼400 rpm) using magnetic stirring (VELP ARE, Italy). PEO (Figure 

1Ⅲ) was then dissolved into the mixture at a mass-to-volume ratio of 7:10 (PEO: G&PANI 

hybrid dispersion, respectively) with stirring for 8 h at a constant speed of ∼400 rpm. The base 

and curing agent of PDMS were mixed at a weight ratio of 10:1. Trapped bubbles were 

dispersed using a vacuum oven (D2F-6020AF, Tianjin, China) at room temperature (25 °C). 

The PDMS mixture was then utilized as ink for the both top and bottom substrate layers. 
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Specific compositions and preparation processing of the solutions are given in Figure 1.  

 

 

Figure 1. Electrohydrodynamic jetting of flexible pressure sensors (FPSs). (a) Preparation of 

PANI/G/DI water/EtOH dispersion. (b) The obtained homogenous PEO/PANI/G solution. (c) 

PDMS solution formed by the base and curing agent of sylgard 184 using a ratio of 10:1. (d) 

EHD jetting of the PDMS substrate layer. (e) EHD jetting of sensing layer. (f) The components 

of packaged sandwiched FPS. (g) Modified EHD jetting system with dual axial fans. 

 
2.3 Fabrication of FPS 
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    Grid format FPSs comprised a bottom substrate, sensing, and upper layer were prepared 

using a custom-built electrohydrodynamic (EHD) printing system (Figure 1g)19. For top and 

bottom substrate layers, PDMS was loaded into a 5 mL syringe and perfused into the printing 

needle (ID/OD: (1.8/2.0) mm) at a rate of 3.0 mL/h via a syringe pump (KD Scientific KDS100, 

USA). The working distance between needle tip and collector was 4.0 mm and the applied 

voltage was 2.5 kV (Glassman High Voltage Inc. series FC, USA). The printed PDMS substrate 

was incompletely cured at room temperature for 10 h. Two types of sensing layers were 

prepared at different working distances (1.0 mm and 2.0 mm). The sensing layer formulation 

was loaded into a 5 mL syringe and subsequently infused into the printing needle at a rate of 

2.0 mL/h. For this, the applied voltage delivered to the needle was set at 0.5 kV and the distance 

between two adjacent printed fibers was programmed to be 500 µm at a pre-determined grid 

deposition speed of 70 mm/s. The overall geometry of sensing layer was 10×24 mm2 and the 

sensing layer was connected to external circuit wiring on the bottom PDMS layer. Finally, the 

top PDMS layer was printed directly on to sensing layer and cured at 80 ℃ for 2 h. 

Printed FPS arrays with 4 × 4 pixels were fabricated for various temporal and spatial 

applications in a similar fashion. 

 

2.4 Morphology and resistance characterization 

    Morphologies of printed structures were observed using optical microscopy (OM, phoenix 

BMC503-ICCF, China) and SEM (Quanta FEG650, FEI, Netherland; SU8010, Hitachi, 

Japan). Resistance of FPS for electrochemical performance tests was measured using a 

Keithley 2450 source meter (Keithley Instruments, USA). Detection of changes to facial 

expression, bodily movement and physiological rhythms signals were tested using an 
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electrochemical workstation (Chi660e, China). Resistances of the sensing layer in response to 

walking, running, and jumping action were measured using a high precision table multi-meter 

(SDM3055X-E, China). The thicknesses of the sensing layer were measured using a digital 

micrometer (0-25mm, Hangzhou Chentong Materials Co. LTD, China). Fiber diameter and 

distance between two adjacent fibers were calculated using 100 random fibers from optical 

microscope (OM) micrographs for each kind of sample via Image J software. Error bars in the 

graphs denoted the mean ± standard deviation. To characterize the fabricated composition of 

sensing layer, chemical interactions, and stability, FT-IR spectroscopy was deployed (IR 

Affinity-1, Shimadzu, Japan).  

 
2.5 Electromechanical properties measurement 

    The device was mounted on a uniaxial digital push-pull meter with a digital force indicator 

of ESM303 (Mark-10, USA) connected to a source meter (Keithley 2450, USA) for real-time 

monitor of series resistance change. For measuring the resistance change under different 

pressures, a 303SS rigid cylindrical probe in diameter of 6 mm was fixed in the upper gripper 

of testing machine and subsequently, its flat-end was pressed onto the sensor samples with a 

continuous displacement increment of 5.5 mm/min. Both digital force indicator and Keithley 

2450 source meter are recorded by a computer. Kickstart and MESURTM gauge software was 

used to monitor the real-time R-t and F-t curves. In the resistance test under tensile/bending 

setup, both the upper and lower ends of the samples were clamped by the wedge gripping G1061. 

For measurement of human based signals, a FPS was attached to the index finger using 

electrical tapes and output was obtained under 0.5 V direct current voltage supplied by a 

chi660e electrochemical workstation. 
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2.6 Sensitivity (S) and gauge factor (GF) calculation 
 

𝑆 = 	 ∆	& &'
∆	(

×100%, or	𝑆 = ∆	0 0'
∆	(

×100%                                       (1) 

Where Δ R and Δ I are separately the resistance and current change after pressure loaded; R0 

and I0 are initial resistance and current values respectively of the sensing layer without 

application of pressure stimuli. Δ P is the change of applied pressure.  

GF is relative to tensile and bending strain and is used to calculate sensitivity of FPS in tensile 

and bending tests. Therefore, GF can be acquired from the following formula23: 

GF = ∆𝑅 𝑅4 𝜀                                                          (2) 

ε = 7
89
	                                                                   (3) 

Where ΔR (I) is the change of resistance (current) under strain, and R0 (I0) is the initial resistance 

(current) of the sample without applied strain. Here, ε is bending strain, d is sample thickness 

and r is bending radius. 

 
2.7 Signal measurements and performance of the FPS  

    FPS was attached to different anatomical sites to monitor human physiological signals. 

According to each experimental condition, signal measurements were detected using a high 

precision table multi-meter (SDM3055X-E, China). Signals of pulse waves and speaking tests 

were measured using an electrochemical workstation (Chi660e, China). Changes to resistance 

arising from finger movement and submersible monitoring were detected using an 

electrochemical workstation (Chi660e, China). All submersible monitoring was conducted at 

room temperature and pure water was used where needed in this test. Underwater sensing 

properties of FPS were obtained using a circuit board coupled to an LED and monotone sound 

alarm. The circuit with LED and alarm is a commercial circuit and was purchased from 
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Chongqing Jiehao Electronics Co., LTD, China. The circuit can be supplied by a DC source of 

+9 - 25 V. A 5g weight was dropped into the vessel hosting the sensor at three different heights. 

Butterflyfish were put into a 5000 mL beaker to monitor underwater activity and pressure 

change. All animal experimental procedures were performed in obedience to guidelines and 

protocols of the Animal Experimental Ethics Committee of Zhejiang University (18156). 

 
3. Results 
 
3.1 Design and fabrication of 3DP FPS 
 

    To enable high sensitivity levels in tunneling effect of overlapping areas of graphene flakes, 

the black G nanosheets and dark green PANI were first mixed in deionized (DI) water/ethyl 

alcohol (EtOH) (Figure 1a). Subsequently, PEO was added to form a PEO/PANI/G printable 

solution (Figure 1b). The base and curing agent of PDMS were mixed at a weight ratio of 10:1 

and jetted to serve as substrate to package the sensing layer (Figures 1c-d). The sensing layer 

consisted of PEO/PANI/G (Figure 1Ⅳ) was jetted step-by-step (Figure 1e) with low resistance, 

enabling its use as transducer and electrode directly. The sensing layer with copper tape was 

packaged into top PDMS layer (Figure 1f). Figure 1g shows a modified EHD printer equipped 

with a pair of axial fans was used to accelerate solvent evaporation during FPS fabrication. 

    Figures 2(a)i and 2(a)v show optical micrographs of a sensing layer jetted at working 

distances of 2 mm (SFH) and 1 mm (SFL), respectively, comprising five layers of linear fibrous 

filaments, stacked in layer-by-layer format to form a grid structure. Although sensing layers 

were jetted at the same applied voltage, the diameter of resulting filaments increased with 

decreasing working distance. The mean diameters of SFH and SFL were 402 ± 52 µm and 456 
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± 70 µm, respectively. Furthermore, the distance between two adjacently deposited fibers of 

SFL is smaller than that of SFH (Figure S1). The distance between two adjacent fibers 

decreased from 205 ± 67 µm to 118 ± 18 µm, as shown in scanning electron micrographs in 

Figures 2(a)ii and 2(a)vi. A similar trend of decreasing distance between two adjacent fibers is 

observed when the number of sensing layers is increased via jetting i.e. from one to five layers 

(Figure S1). This indicates an increase in working distance leads to a reduction in deposited 

fiber diameter, which subsequently increases void space because of solvent volatilization. 

Electron micrographs of Figures 2(a)iii and 2(a)vii reveal the morphology of a jetted fiber, 

where a rough and inconsistent surface is evidenced due to claviform PANI and randomly 

distributed G in the filamentous matrix. Surface morphologies at the bottom side for both jetted 

SFH and SFL are relatively smooth and flat, but virgulate PANI is also observed (Figures S2a-

d in the Supporting Information). This is because flat ITO glass was used as the collecting 

substrate, which enabled smooth surface formation upon sensing layer solidification. When 

compared to microstructures of G and PANI (Figures S2e&f in the Supporting Information), 

electron micrographs confirm the presence of G and PANI in the sensing layer (Figure S2g in 

the Supporting Information). Cross-sectional electron micrographs in Figures 2(a)iv and 

2(a)viii elucidate the grid structure (highlighted with yellow arrows) for both SFH and SFL. 

This further confirms the structure of the jetted sensing layer. 
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Figure 2. Structural characterization of EHD jetted sensor. (a) Optical and scanning electron 

micrographs of a 5 layered sensing film prepared at variable working distances: 2.0 mm (SFH), 

1 mm (SFL). Plan-view (i-ii), magnified plan view (iii) and cross-sectional view (iv) of printed 

sensing layer (SFH). Plan-view (v-vi), magnified plan-view (vii) and cross-sectional view (viii) 

of jetted sensing layer (SFL). (b) FTIR spectra of printed layers (SFL and SFH) and raw 

materials. (c) Mean thickness of printed layers at different working distances. (d) Mean 

resistance of sensing layers prepared at different working distances. 

 

    Fourier transform infrared spectroscopy (FTIR) confirmed composition of the jetted 

sensing layer (PEO/PANI/G), as shown in Figure 2b. Peaks at 842, 960, and 1342 cm-1 represent 

wagging, twisting and scissoring modes of CH2, respectively, and these are attributed to PEO 

polymer24. Inferences for 1473, 2893, and 2950 cm-1 are related to CH2 scissoring, CH 

stretching mode, and CH2 stretching mode, respectively25. Characteristic peaks observed at 
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1099 cm-1 are assigned to C-O-C. The 1968 cm-1 band is attributed to the combination mode of 

antisymmetric -COC and symmetric -CH2- according to previous26. Two bands are attributed to 

PANI and these are found at 1306 and 1227cm-1, indicating C–N stretching of aromatic amines27. 

The band at 1473 cm-1 is the aromatic C=C stretching vibration of benzenoid rings28. Peaks 

found at 1559 and 1608 cm-1 in PANI spectrum are attributed to aromatic C=C stretching 

vibration of quinoid rings. The peaks at 505 and 1123 cm-1 are due to symmetric and asymmetric 

stretching modes of the SO3
- group29-30 in PANI unit sequences; This is further supported by 

energy-dispersive X-ray spectroscopy (EDS) results (Figure S2h), which show the presence of 

relevant chemical elements (for G and PANI) and their distribution in jetted sensing layers. 

Elements constituting towards the composite are C, N, O, and S. S is attributed to PANI due to 

the presence of agents such as camphorsulfonic acid or benzenesulfonic acid. PANI bands at 

592, 800, 1025 cm-1 correspond to aromatic ring deformation, in-plane bending of C–H, and 

out-of-plane bending of CH, respectively30-31. The spectrum of pristine G exhibits shifts for C–

O stretching (1045 and 1099 cm-1), stretching vibration of sp2 hybridized carbon (1647cm-1), 

C–H stretching (2915 cm-1), and O-H stretching (3400-3500 cm-1)29, 32. It can be concluded that 

several oxygen groups are attached to the graphene flakes. There are no differences between 

both sensing layers (SFL and SFH). C–H out-of-plane bending for 1, 4-ring (669, 837 cm-1), 

C–O stretching (1099 cm-1), C=N stretching of the quinonoid unit, and stretching vibration of 

sp2 hybridized carbon (~1637cm-1) are observed. There is no evidence to indicate new chemical 

bonds or the presence of additional materials. Also, graphene sheets that exhibit strong π-π 

stacked interactions with PANI provide better conductive pathways, resulting in lower surface 

resistance29, 33.  
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    Figures 2c-d show the impact of layer numbers (contributing towards SFH and SFL) on 

thickness and resistance. The thicknesses of SFL sensing layer increased with increasing 

number of layers, from 23 µm for 1 layer to 58 µm for 5 layers (Figure 2c). In addition, the 

thickness increased with increasing working distance from 1 mm to 2 mm, reaching 58 µm and 

81 µm for 5 layered SFL and SFH, respectively. The thickness variety between SFH and SFL 

is most likely due to filaments of SFH showing greater precision when stacked layer-by-layer, 

thus almost maintaining the initial shape when jetted onto the collector. Jetted filaments 

contributing towards SFL may flow during the forming process because of incomplete 

volatilization of solvent, which results in finer fibers in each layer. Figure 2d shows the average 

resistance of SFH and SFL prepared for different layers. The average resistance of SFH and 

SFL decreased linearly with increasing layer number. In addition, although SFH shows a greater 

thickness, their resistances are greater than that of SFL. This is due to a reduced effective area 

(of conductive sensing materials) when compared to SFL, which results in a less conductive 

network connected by PEO/PANI/G. Therefore, the number of minimum and maximum layers 

contributing towards SFL were selected as possible candidates to conduct the following tests.    

 
3.2 Mechanoelectrical performances of FPS 
 

    Mechanoelectrical performance of sensors was explored using a controlled tension and 

compression test bench (Figure 3a) to investigate resistance responses upon application of 

variable pressures on the device. Both jetted devices with differing layer numbers (L1 and L5) 

exhibit high sensitivity and stability. The sensitivity (51.0 kPa-1) of a single-layered device 

exhibits a linear region at the pressure range 0-3.4 kPa, while the sensitivity of the five-layered 

device shows two linear regions, i.e., 25.9 kPa-1 for pressure below1.4 kPa and 7.4 kPa-1 for 
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1.4-3.4 kPa (Figure 3b). Conductive PANI particles and G are embedded in the high-impedance 

polymer and isolated, thus forming a tunnel barrier. When external stimulus is applied, linear 

sensing behavior can be observed as contact density of particle, increasing tunnel barrier on the 

elasticity of the active layer. The sensitivity increases with decreasing jetted layer number in 

the applied pressure range 0-3.4 kPa, as shown in Figure 3c. Variations to sensitivity and 

resistance depend largely on changes to contact resistance (Rc) between conductive fillers 

PANI/G, tunnelling resistance and the resistance of piezoresistive filament (Rp). However, 

sensing layer comprising a single jetted component is fragile due to its ultrathin thickness and 

relatively weak mechanical properties. Therefore, a jetted sensor comprising five layered prints 

appears to be a good candidate for applications requiring the following specific 

characteristics. In addition, the intrinsic resistance of our sensor is less than 1 kΩ, leading to 

remarkable reduction of power consumption due to resistance change with external pressure. 

Simply put, the high sensitivity, low energy consumption demonstrates significant 

improvements in comparison with recent studies, summarized in Table S1 (Supporting 

Information). 

    Figure 3d shows time dependence relative resistance change of the FPS at five different 

pressures. The resistance is maintained at a constant level upon application of the first pressure 

stimuli, confirming FPS stability. Resistance response correlated with input pressure; relative 

resistance increased with increasing load pressure, resulting in change in resistivity34. Figure 3e 

shows a response time (ΔI/I0) of 100 ms of the jetted sensor under variable static pressure, 

including immediate response to a weak pressure of 12 Pa, further confirming excellent 

sensitivity and stability. To explore dynamic response of the sensor, continuous pressure cycles 
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were adopted (Figures S3a-b in the Supporting Information). The difference between Figures 

S3a-b elucidates dwell time, where the test apparatus was stopped at the highest point in air 

without any exertion of pressure. Changes to the relative resistance curve are in agreement with 

the curve for pressure, which illustrates a fast dynamic response time of the sensor due to 

densely-packed PANI and G nanosheets in jetted fiber matrix, effectively enabling conductive 

access35. Figure 3f shows no significant variation to the relative resistance after 1000 cycles at 

a fixed pressure of 2.1 kPa. It should be noted that a drift at initial cycles (Figure S3c in the 

Supporting Information) is the inherent characteristic of the polymer sensor as destruction 

recovery of conductive networks in polymer matrix to initial conformation 36-37. After initial 

several pressure cycles, the device remains highly stable, and the performance without 

functional degeneration is observed, indicating use for applications where durability is 

essential.  

 

Figure 3. Analysis of mechanoelectrical performance of FPS. (a) Digital image of electric 

measuring machine for pressure test. (b) Dynamic resistance response of devices (L1and L5) 
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versus the loaded pressure. (c) Sensitivities under two linear regions of L1 and L5 devices. (d) 

Time dependence and relative resistance variation of FPS under varying pressure. (e) Response 

time of FPS under various pressure loading. (f) Stability and durability test of the device over 

1000 loading-unloading cycles at a frequency of 0.15 Hz.  

 
3.3 Evaluating strain performances of the FPS 
 

    Strain performance of jetted FPS was assessed by measuring changes to relative resistance 

upon exertion of tensile and bending strain, as shown in Figure 4a. Relative resistance increased 

with increasing tensile strain from 1 to 30% (Figure 4b). Tensile strain is defined as ε =(l-

l0)/l0×100%, where l0 and l are lengths of the FPS before and after deformation, respectively. 

Although changes to relative resistance exceeded recordable values (over tensile strain variation 

between 10 to 30%), the resilience shows reliable resistance during high strain rate deformation 

(Figure S4a in the Supporting Information). In addition, reproducible relative resistance is 

precisely distinguishable under different frequencies at a fixed tensile strain of 5% (Figure 4c), 

confirming rapid response and excellent reproducibility of the FPS.   

    Figure 4d shows relative resistance change of the FPS under different bending strains. The 

bending strain (ε) is calculated using d/2r, where d is the thickness of the sample and r is the 

bending radius. Here the thickness (d) of the FPS is 0.45 mm, and the bending radius (r) for 

each bending strain is exhibited in the Supporting Information (Table S2). The relative 

resistance variation increases linearly in proportion to the bending strain from 12.5 to 22.5% 

(Figure 4d). The gauge factor (GF) varies from 5.5 at 12.5 % to 0.5 in the range between 22.5% 

to 50%. This indicates the FPS exhibits higher sensitivity for bending strains below 22.5%. 

Figure 4e displays the relative resistance change triggered by bending-release at 50 cycles under 
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different bending strains. The signals reach stability after a drift, exhibiting excellent 

reproducibility and performance under bending-release for more than 4000 cycles at a bending 

strain of 17.3% (Figure 4f). In addition, the device functions well without degeneration at a 

bending speed of 30.1 mm/min (Figure 4g). Sensing performance was also explored combined 

with pressure and bending. The device shows good repeatability and ultrahigh relative 

resistance change when bent at an angle of 30° (Figure 4h). Of notable interest, when bent at 

60°, the output signal is ultrahigh, reaching 1.5×1039 (Figure 4i). It should be noted that ΔR/R0 

at 60° is higher than that at 30° as conductive composites become insulative immediately when 

the loading is performed at 60°, exhibiting switching behavior.38 Again, excellent durability is 

observed (Figure S4b in the Supporting Information), indicating the capability of measuring the 

bending conditions and motions. 
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Figure 4. Characterization of stretching and bending performance. (a) Digital image of the 

testing machine for bending and tensile tests. (b) Relative change in resistance under various 

tensile strains. (c) Relative change in resistance under various tensile frequencies. (d) Relative 

change in resistance at different bending strains. (e) Time dependence of variation to relative 

resistance during bending-relaxation of 50 cycles under various bending strains. (f) Bending 

durability test for 4000 cycles at a bending strain of 17.3%. (g) Relative resistance performance 

after 3000 cycles of bending. (h) and (i) are relative resistance changes under bending angles 

of 30° and 60°, respectively. 

 
3.4 Applications of FPS for physical activity 
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    The FPS is flexible and can be applied to monitor changes in mass and movement. Figure 

5a shows the sensor can detect different weights of tea bags and gelatin-based sweets, where a 

minimal weight of 0.031g is detectable. Furthermore, differences in weight can be easily 

identified. Figure 5b shows the FPS responded rapidly to a variety of forces induced by repeated 

finger taps on the sensor. A continuous variation to applied force, ranging from a slight force 

(ΔR/R0: 100%) to a strong force (ΔR/R0: 300%), can be monitored easily. Moreover, the sensor 

was attached to a wrist to monitor dynamic pulse waves and response of the pulse beat (Figure 

5c). The timely response demonstrates high-resolution detailed pulse rate before (64 times/min) 

and after dancing (85 times/min) for 3 mins. Owing to the superior sensitivity and signal- to-

noise ratio, representative radial artery pressure waveforms without any signal amplification 

and post-processing clearly indicate three wave components: percussion (P1) wave, tidal wave 

(P2), and diastolic wave (P3) (Figures S5a-b in the Supporting Information). From a medical 

point of view, the EHD jetted FPS can meet the requirements for healthcare monitoring, as 

pulse rate is a vital indicator of human well-being, reflecting health state; especially for those 

suffering from asthma, cardiovascular, or heart diseases14.  

    The device was used to monitor minute signals induced by a host of expressive and 

physiological activities of the human body such as frowning (Figure 5d), smiling (Figure 5e), 

drinking, swallowing, and coughing (Figure 5f). This serves as a proof-of-concept for the FPS; 

in that it has potential to be used as an interactive device to accurately identify muscle 

movement (and to what degree) according to values obtained for ΔR/R0. These results elude to 

broad application areas, from emotional state monitoring and in-vitro diagnostics. Interestingly, 

the FPS attached to the throat shows different characteristic resistance patterns when a 
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nominated speaker pronounces four tones of Chinese Pinyin “a” (Figure 5g, left). Pinyin is the 

Chinese spelling of characters, and there are four tones in Mandarin Chinese Pinyin, plus one 

neutral tone (or called “no tone”). Herein, four tones of the phonetic alphabet “a” with four 

different typical peaks can be observed. Similar peaks of Chinese characters of Pinyin “chuan” 

with four tones show the coherent response of the pronunciation (Figure 5g, right), which 

confirm throat vibration resulting in change to relative resistance can be monitored easily. 

    In addition to single letters, typical signals of phrases excerpted from poetry e.g. “Goodbye 

Cambridge Again (P1)” can also be detected (Figure 5h). This is shown in 1st peak to 6th peak”. 

Additional phrases are “Xu Zhimo (P2)”, “very quietly I take my leave (P3)”, “as quietly as I 

came here (P4)”, “quietly I wave good-bye (P5)”, and “to the rosy clouds in the western sky 

(P6)”. In terms of reproducible sensing performance, different words such as “sensor”, “I”, 

“love” and “ZJU” were recorded to confirm repeatability of output signals, as shown in Figures 

S5c-f (in the Supporting Information). The signal peak of each phase exhibits relatively high 

uniformity. The reproducible response is likely to be an effective wearable auxiliary device for 

people who need hearing aids or an artificial throat. The FPS was also attached to calf muscle 

near popliteal fossa to monitor leg movements in activities such as jumping, running and 

walking. Sensory perception in leg muscle movements is extremely distinct according to the 

relative resistance change (Figure 5i). Our tests indicate that the FPS in this work can be used 

to detect both weak signals such as wrist pulse, voice recognition, and muscle movements and 

to sense more exertive or intense exercises such as walking, running, or jumping.   
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Figure 5. Applications of EHD jetted FPS for physical activity. (a) Time dependence of relative 

resistance change under different static weights. (b) Transient state pressure responses to the 

repeated finger taps. (c) Response to pulse wave curves before and after dancing (insert of black 

pulse shows high magnification at 16 s). Signals under different conditions of frown (d), smile 

(e), and typical signals of cough, swallowing, and drinking (f). (g) Monitoring different tones 

of Chinese Pinyin. (h) Monitoring phrases excerpted from poetry “Goodbye Cambridge Again”. 

(i) Monitoring intense muscle motions during jump, run, and walking. 

 

3.5 Customization of FPS for tactile sensing  
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    EHD jetting is developed as a cost-effective fabrication process with high resolution and 

reproducibility. To prepare FPS arrays with the required pixels to gather spatial pressure 

information, we jetted 4×4 active-matrix sensor arrays with a pitch of 14.4 mm for spatially 

and location mapping. A small-weight S-shaped letter (11.4 g) was loaded on the sensor array, 

as shown in Figure 6a. A two-dimensional pressure distribution corresponding to the intensity 

profile of the contour S shape can be monitored (Figure 6d). The variation of contrast 

chrominance in the S shape is due to stress distribution on the uneven surface of the home-made 

S letter. However, by adding an additional 5g on the pressure sensor arrays (red arrow in Figure 

6b), the output signal intensities of the sensor array can literally represent the concentrated load 

(Figure 6e). Furthermore, we also used a disk of a dog logo with a uniform surface to exam the 

uniformity of the contact surface on the sensor arrays (Figure 6c). The color contrast of output 

signal shows well distributions and contrast chrominance of localized pressure (Figure 6f), 

confirming high sensitivity and accuracy of the sensor arrays. Such results show high accuracy 

in 2D spatial detection and can be used for tracking and trajectory monitoring.  

    To demonstrate the capability of tactile sensing, the FPS was attached to index finger as a 

wearable artificial E-skin. Figures 6g-i show the change of relative resistance when three 

different fruits were touched, picked up, and put down. The output signals of the FPS varied 

from orange (Figure 6g) to kiwi fruit (Figure 6i) may be due to the applied stress on the surface 

of the fruits. Also, various hardnesses of the fruits may result in the change of contact areas and 

final pressures. However, a significant increase of the relative resistances can be monitored 

when the fruits were grabbed. Furthermore, decreased signals can be traced immediately after 

dropping the fruits down. The result confirms that the FPS can be used for tactile sensing to 
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demonstrate grip and slip with fingers across various scales for a wide range of applications in 

rehabilitation medicine and sport science.  

 

Figure 6. Customization of FPS for tactile sensing. Photograph of various weights (a) S-shaped 

letter (11.4g), (b) S-shaped letter and concentrated load (5g), and (c) Uniform surface disc) on 

4 × 4 sensor arrays. (d-f) Signal mapping of the pressure distribution under corresponding 

various weights. The corresponding response resistance change of the FPS when force is 

applied to orange (g), apple (h), and kiwi fruits (i).   

 

3.6 Applications of FPS for spatial and submersible monitoring 

    Underwater sensor technologies allow real-time data collection in aquatic environments for 

a variety of applications. To expand on this, EHD jetted FPS was wired to a luminous diode 
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(LED) to monitor underwater (submerged) activity and pressure changes. Here, loads exceeding 

12 Pa triggered both LED (green) and audio monotone alarm. Figure 7a shows the state of 

undisturbed (no pressure applied) LED. Upon application of weak (Figure 7b) or strong force 

(Figure 7c), directly onto the senor, both LED and audio alerts are recorded. The strength of 

LED and noise alert is proportional to the force applied. This result indicates a high level of 

sensitivity and rapid response of the EHD jetted sensor.  

    For submerged testing, the sensor was attached to the base of a 100 mL beaker, which was 

filled with 70 mL pure water. A standard 5g weight was dropped into the beaker at variable 

distances from the FPS (1cm, Figure 7d; and 5 cm, Figure 7e) to monitor the underwater 

response of the sensor. The results show intensity of LED brightness and sound increased with 

increasing weight distance which is attributed to a rapid change in pressure magnitude (Movie 

S1 in the Supporting Information). Changes to current arising from positioning of the 5g weight 

relative to the sensor were recorded and confirmed repeatability of output signals in an aquatic 

environment (Figure 7f). Such underwater devices have potential as safety measures in human 

aquatic environments that can prevent loss of life by drowning. 

    Furthermore, dynamic movements of tweezers in water are also observed, confirming high 

level of detection and sensitivity of the device (Movie S2 in the Supporting Information). To 

further indicate bio- or eco-potentials, signals of butterflyfish movement were monitored. For 

this assessment, the sensor was positioned on the side of a 5000 ml cylindrical glass vessel 

hosting up to 1000 mL pure water. When 800 ml of pure water is poured into the vessel, both 

LED and mono-tone alarm are triggered (Figure 7g, Movie S3 in the Supporting Information). 

This is due to shear flow induced by pouring action into the vessel which causes changes to 
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hydrodynamic pressure and, therefore, trigger the aligned sensor. However, when five 

butterflyfish are gradually (one by one) added into the vessel, small signals arising from their 

movement are detected with LED omission (Figure 7h). Furthermore, when the fish approach 

proximity to the sensor, brighter LED omission is observed. This demonstrates clear potential 

in tracking species and materials of interest underwater (Movie S4 in the Supporting 

Information). Fish movement signals can be monitored even after a week. Therefore, FPS with 

high sensitivity and durability have timely roles for real-time, durable submersible monitoring 

in emerging environmental, physiological and biological applications.  
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Figure 7. Customization of FPS for application of spatial and submersible monitoring. (a) The 

initial LED state without stress stimuli action. Monitoring the output signal change with weak 

(b) and strong force application (c). Monitoring signal variation of LED using a 5g weight 

dropped into the beaker at 1 cm (d) and 5 cm (e) from the underwater FPS. (f) Current change 

of underwater FPS at different heights. (g) Monitoring signal change during addition of pure 

water into an empty glass vessel. (h) Sensor response of butterflyfish motion underwater. 



 

28 
 

 

4. Conclusion 

In conclusion, the development of flexible pressure sensors (FPS) with ultralow detection for 

physical and submersible monitoring have been achieved using a modified EHD jetting method. 

FPSs exhibit strong π-π stacking force between PANI and G nanosheets in the PEO matrix of 

the sensing layer, contributing to high conductivity and excellent sensitivity. It was found that 

the thickness, resistance, and sensitivity are significantly affected as a function of the jetted 

sensing layers. Resulting FPSs exhibit an ultralow detection limit (12 Pa), high sensitivity (25.9 

kPa-1), fast response rate (100 ms), appreciable strain performance, and excellent durability; 

making them ideal candidates for precision monitoring of facial expressions, physiological 

rhythms, and coarser bodily movement. Finally, jetted devices demonstrate underwater sensing 

ability to detect various external pressures, general aqueous environment movement, and real-

time monitoring water-life in submersible systems. Based on the cost-effective approach and 

ease of fabrication, FPS with high performance, flexibility, and stability are real contenders for 

wearable soft electronics, human-machine interface tools or underwater monitoring devices for 

day-to-day activities.  
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