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Abstract: 

Highly sensitive pressure sensor with features such as biocompatibility, biodegradability, and 

flexibility are needed in applications such as robotics, prosthesis, medical implants, and wearable 

electronics. However, due to material limitations or technological bottlenecks it is challenging to 

fabricate a pressure sensor with all these attributes at the same time. Herein, we present a silk- 

Polyvinyl Alcohol (S-PVA) composite nanofiber-based flexible, biocompatible, and 

biodegradable capacitive pressure sensor developed using a facile and cost-effective screen-

printing approach. The screen-printed silver was used as the top and bottom electrode with flexible 

and biodegradable chitosan as a substrate. The device exhibited extremely wide pressure sensing 

range varying from ~1 kPa to 800 kPa with a maximum sensitivity of ~2.83 kPa-1 (<10kPa) and 

fast response and recovery time of ~35 and ~40 ms. The high sensitivity in the low-pressure region 

is primarily due to the high porosity and surface area, and reduction in the effective distance 

between the multilayers of 1D S-PVA nanofibers. The device shows excellent cyclic repeatability 

and good stepwise cyclic increment in both low- and high-pressure regions for more than 2x103 

and 3.2x103 cycles respectively. Finally, the biodegradability tests reveal that the device 

completely dissolved in pure DI water at room temperature in less than 24 hours. Thus, the novel 

S-PVA composite based nanofiber serves as an excellent biomaterial and paves the path for next 

generation wearable and implantable medical device applications. 

I. Introduction 

High performance pressure sensors are needed in numerous applications such as biomedical 

devices, robotics, and interactive systems etc. For example, as part of electronic skin (e-skin), the 

pressure sensors provide a measure of contact force, which is needed for haptic feedback-based 

action in robotics, prosthesis, and rehabilitation devices such as smart gloves1,2. Likewise, they are 



                                          INTUITIVE – 861166 – D4.4: Sensors with Memory 

used in different types of wearable systems to monitor physiological parameters such as blood 

pressure or the pressure applied with compression bandage at a wound site or in implantable 

systems for cardiovascular or blood flow monitoring.3-10 As a result, various types of pressure 

sensors based on different transduction mechanisms (e.g. piezoresistive11-15, piezoelectric16, 

capacitive17-19, etc.), have been explored to meet varying performance requirements (e.g., 

sensitivity, resolution, detection range etc.) of these applications. Recently, the application 

requirements have also led to a shift in the research towards obtaining devices with features such 

as flexibility and conformability etc20-22, which are needed to ensure reliable contact between the 

sensor and the curvy surfaces such as the human skin.23 Whilst these are interesting advances, 

various health monitoring and implantable systems also require pressure sensors to be made of 

biocompatible, and biodegradable materials.24-26,10 However, most of the high-performance 

pressure sensors reported so are not biocompatible and biodegradable. In this regard, the single 

use sensors made from biodegradable materials could offer interesting solutions as besides 

ensuring the hygiene requirements they will also be free from other issues related to wearable 

systems such as washability. Furthermore, degradable sensors could also help address the rapidly 

growing challenges related to medical and electronic waste. 27 Considering this background, herein 

we present silk - Polyvinyl Alcohol (PVA) nanofibers based biodegradable wide-range pressure 

sensors on chitosan/ Polyvinyl chloride (PVC) substrate. 

The fabrication of pressure sensor which simultaneously exhibits high performance and 

biodegradability is quite challenging. A careful selection of materials and fabrication method is 

important for the development of degradable pressure sensors as many of the above applications 

require extreme sensitivity over a wide pressure range, which is still lacking in most of the current 

state-of-the-art pressure sensors. For example, highly sensitive sensors are needed to detect the 

weak bio-signals which typically fall in the low-pressure region (<50kPa)28 as well as to measure 

the mid-to high pressure signals in prosthesis/robotics for stable grasping or walking. The trade-

off between the sensitivity and pressure detection range makes it challenging to attain both at the 

same time. To address this issue, sensors with microstructures such as microspheres, pyramids, 

microgrooves, and micro and nanopillars, etc. on elastomeric materials have been developed using 

complex methodologies.19,29-31 These techniques have led to high sensitivity in limited pressure 

regions and there is still a need for sensitive sensors capable of operating over wide pressure 

ranges. A potential solution is to use polymeric nanofibers prepared using a simple, cost-effective, 
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and solution processing-based electrospinning approach.32 The nanofibers provide numerous 

advantages, such as lightweight, low-cost, ease of preparation, excellent dielectric strength, higher 

porosity, and superior mechanical flexibility. In addition, electrospinning is compatible with the 

widely used biocompatible and biodegradable polymers such as silk, cellulose, chitosan, PVA, 

PVP etc. 33,34 For these reasons, electrospinning has been used here to develop the silk-PVA (S-

PVA) nanofibers based biodegradable pressure sensor. The Food and Drug Administration (FDA)-

approved silk also stands out among various natural biodegradable materials (e.g., collagen, 

cellulose, chitosan, silk fibroin, egg albumin etc. 35, 38-41), owing to its natural abundance, low-cost, 

outstanding mechanical flexibility, superior biocompatibility, and the possibility to obtain 

programmable or controlled degradation. Furthermore, the silk fibroin offers excellent properties 

such as optical transparency, piezoelectricity, high dielectric strength, solution processability, and 

structural tunability.42 For these reasons, the S-PVA nanofibers have been used here to develop 

the low-cost, flexible, biodegradable capacitive pressure sensor on chitosan/PVC substrate. The S-

PVA nanofibers in the presented sensor are sandwiched between screen printed silver electrodes. 

The S-PVA based pressure sensor can operate in a wide pressure range (1kPa to 800kPa) and 

exhibits the maximum sensitivity of 2.83 kPa-1 in the low-pressure region (<kPa). The fabricated 

device exhibits fast response and recovery times of 30 and 40 ms respectively and an excellent 

stability (for more than 2500 cycles). The biodegradability tests performed on the as fabricated 

pressure sensors show complete dissolution in DI water (at room temperature) in less than 24 

hours. 

II. Results and discussions 

Silk fibroin is one of the best materials for biodegradable and biocompatible devices as discussed 

earlier. Moreover, the dielectric strength of the silk fibroin is high, which makes it an ideal 

candidate for the capacitive pressure sensors. Figure 1 shows the schematic illustration of the step-

by-step process for the preparation of pure silk fibroin solution, electrospinning, and the device 

structure. From previous studies, we know that the addition of PVA enhances the mechanical 

flexibility and thermal stability.43 The solution viscosity and flow rate play an important role in 

the formation of uniform and long nanofibers with thinner diameters. A lower concentration of 8 

wt.% of silk solution resulted in the formation of the nanofibers with many beads. On other hand, 

the higher concertation of 13 wt.% was highly viscous and not suitable for electrospinning. The 



                                          INTUITIVE – 861166 – D4.4: Sensors with Memory 

optimized and moderate concentration of 10 wt.% was finally chosen for the electrospinning of 

both silk and S-PVA, as smooth and uniform nanofibers are formed at this concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1. Schematic showing complete process flow for the preparation of silk fibroin solution and detailed step by step process followed for 

preparation of nanofibers and fabrication of device structure with patterned gold/silver on PVC/chitosan as top and bottom electrode. 
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The optical image of the electro spun S-PVA nanofiber (after peeling off few layers) is shown in 

figure 3a showing very light weight and greater mechanical flexibility. Figure 3b shows the XRD 

spectrum of S-PVA nanofibers with a diffraction peak at 2 angles of 20.27o and 24.9o, which 

correspond to Silk-II and Silk-I structure respectively.44 These results reveal that the S-PVA 

composite nanofibers exhibit mixed structures with dominant amorphous ( helices) nature than 

crystalline domains ( sheets). To better understand the structural information, FTIR analysis was 

also carried out on the prepared 1D S-PVA nanofibers, which is shown in figure 3c. The peaks at 

wavenumbers 1227, 1509, and 1620 cm-1 confirm the presence of both alpha helices and beta 

sheets respectively, which is consistent with the literature.45 The Fourier Self Deconvolution (FSD) 

analysis was performed to calculate the percentage of secondary structures which shows that the 

composite has 32% of alpha helices with 68% of other secondary structures. The obtained results 

suggest that the nanofibers are amorphous with higher alpha helices and exhibit enhanced 

mechanical flexibility as compared to the pristine silk nanofibers. Figure 3d shows the Raman 

spectra of S-PVA composite confirming the spectral peaks of both silk and PVA and matches well 

with the literature.46 The spectral peaks at 1083cm-1, 1226 cm-1, and 1668 cm-1 confirm the 

presence of silk fibroin and the active bands at 885cm-1, 1412 cm-1, 1547cm-1 corresponds to PVA.  

 

Figure 2. A detailed schematic showing complete fabrication process flow for the fabrication of the flexible capacitive pressure sensor 

using gold coated on PVC substrate as a top and bottom electrode with Silk-PVA nanofiber as a dielectric layer. 
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Figure 3. (a) Optical image of as prepared S-PVA peeled nanofiber film (b) XRD and (c) FTIR spectrum (d) RAMAN spectra of silk-PVA 

composite film for structural and chemical characterization studies. 

FE-SEM studies were performed on both the electrospun pristine silk and S-PVA composite based 

nanofibers, as depicted in figure 4. Figure 4a and 4c shows the high magnification images and 

figure 4b and 4d shows the low magnification images of both silk and its composite. The as 

prepared S-PVA nanofibers are multi-layered stacked 1D nanofibers, are highly uniform, porous 

with large surface area, and mechanically flexible. The high porosity and multilayer stacking help 

to achieve high sensitivity pressure sensors. Moreover, due to excellent tensile strength of as 

prepared nanofibers, the sensor can withstand higher pressure sensing in contrast to traditional 

polymer based thin films. The average diameter (approximately 300 nm and 85nm) for both the S-

PVA and pristine silk fibroin was calculated using image J software as shown in the inset of figure. 

4b and 4d. 
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Figure 4. FESEM images (a) high and (b) low magnification images of pristine silk fibroin nanofibers (c) high and (d) low magnification images 

of silk-PVA composite based nanofibers with inset showing the average diameter of the nanofibers. 

To achieve a thicker nanofiber film with stacked multilayers, the electrospinning was performed 

for longer durations of greater than 12 hours. The pressure sensor was fabricated using thin film 

of S-PVA nanofibers as the dielectric layer sandwiched between the patterned gold electrodes on 

the flexible PVC substrate. Furthermore, to demonstrate the fully biodegradable pressure sensor, 

the screen-printed silver on the flexible and biodegradable chitosan substrate was chosen as the 

electrodes. Thickness of the dielectric layer plays a crucial role in terms of achieving the desired 

sensitivity and the range of the pressure detection.47 To achieve higher sensitivity, an optimized 

higher thickness of the nanofibers with large length, lower diameters and stacked layers were 

preferred, which is well known from the literature.47 To this end, the chosen electrospinning time 

was greater than 12 hours. A very low flow rate 0.5mL/hr was used to achieve the highest film 

thickness of ~ 100µm. In principle, an ideal pressure sensor should be highly sensitive over a broad 

range of pressures and must have fast response and recovery time with stable cyclic repeatability. 
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Sensitivity (S) is one of the crucial parameters of a pressure sensor that determines the accuracy 

and effectiveness and is defined as the relative change in the capacitance (C/C0) for the applied 

pressure (P) and is represented using the following equation 119  

                                                S=(C/C0)/ (P) ……… (1) 

The sensitivity measurements were performed on the S-PVA based capacitive pressure sensor 

using an LCR meter connected to a PC having a custom-made LabVIEW software installed in it. 

To investigate the sensitivity, the response (relative change in capacitance) of the device under 

different applied pressures, a circular probe attached to a computer-controlled linear stage was 

used and pressure ranging from 1kPa to 800kPa was applied, as shown in figure 5a. For better 

understanding, the entire pressure range was divided into three different regions i.e., region (R1) 

(1kPa<P<10kPa), region (R2) (10kPa<P<200kPa), region (R3) (200kPa<P<800kPa). In R1, the 

device exhibits a linear change in capacitance for a linear increase in the applied pressure with a 

maximum sensitivity of ~2.83kPa-1. Similarly, in the R2, the device response was quite linear with 

a reduced change in the capacitance values and the calculated sensitivity value of ~0.63 kPa-1. In 

R3, the device response is linear but with a low capacitance variation in the high-pressure regime 

and reduced sensitivity of 2.3x10-4 kPa-1. Importantly, the device is sensitive to a wide pressure 

range (1kPa to 800kPa), which is one of the highest among the current state-of-the-art capacitance-

based pressure sensors as discussed in the table 1. The different sensitivities in the three regions 

might be due to the variation in the contact area at the interface of the top and bottom electrodes. 

The higher-pressure detection range might be due to the enhanced mechanical flexibility in the S-

PVA composite due to the dominant amorphous structure which are alpha helices as confirmed by 
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the FSD analysis. The high sensitivity in the low-pressure region exhibited lower layer to layer 

distance and the higher contact area, resulting in the reduction of the overall effective distance.  

Device-to-device variation is a significant parameter to determine the versatility of the fabrication 

methodology. To show the uniformity, three devices were fabricated under the same conditions. 

The variation in the mean and standard deviation in terms of sensitivity under three different 

pressure regions such as low, medium, and high were shown in figure 5b.  

 

 

Figure 5. (a) Relative change in capacitance under different applied external pressures of the silk-PVA based pressure sensor (b) device to device 
variation in terms of calculated sensitivity for three devices under low, medium, and high-pressure regions (c) capacitance vs time plot showing 

both response time (tres) 30 ms and recovery time (trec) of 40 ms (d) cyclic hysteresis plot with step wise increment under different pressure. 
 

 

 

c)
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R1
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These results suggest that the variations in the high and medium pressure regions was negligible, 

whereas in the low-pressure region there is a minor deviation prominently due to the variation in 

the effective contact area between the electrodes resulting in the negligible variation in the 

capacitance values. The fast response and recovery times are also crucial for the real time 

applications. To understand how quickly the device responds, a plot showing the change in the 

capacitance with respect to time at low pressure of 20kPa was obtained, as shown in figure 5c. The 

response and recovery times were calculated from the time response plot by calculating the time 

interval between the 10% of initial value to the 90% of final value and 90% of final value to 10% 

of initial value respectively. The device shows a highly fast response and recovery times of 30 ms 

and 40 ms respectively, with the device instantly changing the capacitance from 3.8pF to 4.8pF. 

Further, the loading and unloading of different pressures ranging from 25-50kPa, with different 

step heights, was performed to demonstrate the device stability and reliability. Figure 5d shows 

the step response of the S-PVA-based pressure sensor showing excellent uniformity, stability, and 

reliability of performance with negligible variations.  

 

 

 

 

 

 

Figure 6.  Cyclic response of the silk-PVA based capacitive pressure sensor under (a) low pressure regime, and (b) high pressure regime. 

To further test the device reliability, stepwise cyclic tests were performed on the fabricated S-PVA 

device. Figure 6 shows the cyclic increment plot with a loading and unloading time of 3 sec, 

showing stable behaviour in from the low-pressure (Figure 6a) to ultra-high-pressure region 

(Figure 6b). The results reveal the unique wide pressure sensing capability of presented devices.  

1D nanofibers are the one of the best candidates for capacitance-based pressure sensors due to 

their low cost, higher surface roughness due to porosity, and excellent mechanical robustness. The 

capacitance (C) is given by:  

a) b)
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C=*(/d) ……. (2) 

where, C is the capacitance, A is the active area of the device, d is the distance between the top and 

bottom electrode, and  is the permittivity of the dielectric material. Here, the active area of the 

device was kept constant and the variation in the capacitance was mainly due to the change in the 

distance between the electrodes and the dielectric constant of the S-PVA composite material.  

 

Figure 7. The sensing mechanism explaining the change in capacitance: (a) under no applied pressure condition, there is no change in the effective 

distance showing initial (lower) capacitance and (b) with applied pressure the effective distance decreases and hence the capacitance increases (c) 

lower interfacial capacitance formation under no applied external condition (d) higher interfacial capacitance formed under lower applied pressures, 

which saturates in the higher-pressure regions. 

The variation in the pressure sensitivity, both in the high and low regimes, is explained with the 

help of schematics in figure 7. The high sensitivity in the low-pressure regime might be due to the 

three primary reasons are the change in the dielectric constant, reduction in the effective distance 

between the layers of nanofibers, and the change in the effective contact area. Initially, with the 

application of pressure, the nanofibrous mats are compressed leading to a change in the dielectric 

constant of S-PVA nanofibers. This is attributed to the presence of air gaps which have relatively 

lower dielectric constant (r=1) compared to both pure silk (r=2.65) and PVA (r=1.6). The 

calculated dielectric constant of the S-PVA composite nanofiber was obtained as the 1.71, as 

shown in the supporting information. The change in dielectric constant results in incremental 

change in the capacitance due to the directly proportional relationship as described in eq. (2). 

Figure 7a and 7b demonstrate the change in the inter distance nanometres spacing (d1, d2, d3…. dn) 

between the thick multi-layered nanofibers under no pressure and low-pressure conditions. 
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Figure 8. Cyclic repeatability tests under (a), (b) and (c) magnified graph at lower and higher cycles and normal response characteristics of the 

device respectively under high pressure (400 kPa) for 320 cycles. The magnified images at two different time intervals (start and end position) are 

also shown, (d) and (e) normal and magnified response plot of the device under low pressure (30 kPa) for 2520 cycles 

Due to the applied pressure, there is a decrease in the distance between the nanofibers, resulting in 

the overall decrease in the effective distance thereby increase in the capacitance in the lower 

pressure region. In the high-pressure regions, the change in the effective distance is quite low 

resulting in the lower sensitivity. Further, the contact area between the nanofibers and the 

electrodes will be minimal without any externally applied pressure due to the highly porous and 

rough surface as confirmed by the FE-SEM images in figure 4d. In the low power regime (<10kPa), 

c) d)

a) b)

e)
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the electrical double layer (EDL) at the interface of the top and the bottom electrode is very low 

(figure 7c).  

As the applied pressure increases, the contact area between the electrode and the fibre increases 

and this result in the increase of EDL, thereby exhibiting an incremental change in the interfacial 

capacitance due to the opposite polarities, as illustrated in figure 7c and 7d. In contrast, in the high-

pressure regime, after a certain threshold pressure (100kPa), the change of the effective contact 

area (and hence the capacitance) is lower, which results in lower sensitivity. To understand the 

device reliability, cyclic repeatability tests were performed on the S-PVA-based pressure sensor 

device. Figure 8a, 8b and 8c shows the magnified response plots showing the change in capacitance 

of the as-fabricated device under high pressure at 400kPa for 320 cycles. The device shows a 

reliable response, with the inset showing the magnified images at different time intervals at the 

start and end regions. Similarly, the device was subjected to a moderately low-pressure of less than 

30kPa and the response was stable for greater than 2000 cycles, as depicted in figure 8b. Figure 8e 

shows the magnified image for the duration ranging from (0-10) seconds presenting high 

repeatability and excellent stability. These results suggest that the as fabricated device is suitable 

for low-pressure detection applications such as the detection of microphone signals. 

To demonstrate the biodegradation, we also fabricated the device with screen-printed silver as the 

top and bottom electrodes. Figure 9a shows the as prepared flexible and biodegradable chitosan 

film with an inset showing the screen-printed silver electrode on the chitosan. The change in 

capacitance with applied pressure is shown in figure 9b. The device exhibits maximum sensitivity 

of 1.9kPa-1 in the low-pressure region (<10kPa), 0.184 kPa-1 in the medium-pressure region (10-

100kPa) and 0.0543 kPa-1 in the high-pressure region (100-400kPa). The degradation test was 

performed by putting the fabricated device in DI water. Figure 9c-9f shows the degradation 

behaviour of the fabricated S-PVA-based pressure sensor at different times. As soon as the device 

was placed in the DI water, the chitosan film started to dissolve from both top and bottom. Next, 

the active layer, S-PVA nanofibers, started to dissolve by absorbing the water due to the excellent 

hydrophilic nature of PVA.  
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Figure 9. (a) Photograph of chitosan based thin film showing its flexibility. Inset shows screen printed silver electrode (b) relative change in 

capacitance vs pressure to calculate the sensitivity of silk-PVA based device on chitosan films. Dissolution test of pressure sensor in DI water at 

different incubation time intervals (c) substrate started to dissolve after 60 seconds (d) physically disintegrated device with silk-PVA nanofibers 

dissolved completely after 20 minutes (e) 80% of the device dissolved with slight traces of the silver electrodes after 3hours (f) greater than 95% 

of device dissolved after 24 hours.     

It is noteworthy to mention that to achieve a quicker degradability, the chitosan with low molecular 

weight was chosen to prepare the substrate.48 The silver electrodes were slowly broken into fine 

pieces and then wholly got disintegrated from the chitosan substrate, as shown in figure 9d. Here, 

the screen-printing approach was chosen as it is a cost-effective solution which provide flexibility 

in terms of large-scale manufacturability. Figure 9e and 9f show the device degradation behaviour 

after 3 and 24 hours, respectively showing the complete degradation of chitosan and S-PVA with 

slight traces of disintegrated screen-printed silver electrodes remaining inside the pure DI water. 

The measured thickness of the chitosan substrate is approximately 500m. For comparison, similar 

degradation experiments were performed with different thickness of chitosan films (50, 90, 125 

m thick) prepared by varying spin speeds. As expected, the thinner chitosan films get completely 
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dissolved in less than 10 hours (approximately), whereas the thicker films dissolved in more than 

24 hours. The faster degradation of thinner films matches well with the previous results in the 

literature.48 The presented device stands prominent among the other state of the art pressure sensors 

(Table 1) in terms of both high performance and biodegradability.  

Table 1: State of the art comparison based on capacitive pressure sensors. 

S.No Degradability Active Material 
Sensitivity 

(kPa-1) (max) 

tresponse / 

trecovery (ms) 

Range  

(kPa) 

Cycles 

(No) 
Ref 

1 Yes PLLA 0.7 5/5 0-80 30k 49 

2 No 
PVDF-TrFE-

BaTiO3 
0.12 150/150 0-400 10k 50 

3 Yes PLGA-PCL 0.86 250/170 0-5 5 9 

4 No PDMS/ Eco flex 4.1 80/80 0-160 250 19 

5 Yes Glycine-Chitosan 0.003V  - 0-10 9k 10 

6 Yes Silk-PVA 2.8 30/40 2.5-800 2.5k 
This 

work 

 

IV. Conclusion 

In our current work, we demonstrated for the first time a fully biocompatible, biodegradable, and 

mechanically flexible silk-PVA composite nanofiber based capacitive pressure sensor. The sensor 

was fabricated via a simple, facile, efficient, and cost-effective method. The device demonstrates 

high sensitivity, wide pressure detection range, quick response, and recovery time of less than 50 

milliseconds. The reported high sensitivity of the device was mainly due to the decrease in the 

effective interlayer distance between the nanofibers and contact area formed at the electrode and 

highly porous nanofiber interface. Further, the device reveals good cyclic step incremental stability 

and repeatability under low and high pressures.  

III. Experimental Section 

A. Materials 

Silk cocoons were purchased from the local supplier, UK. Calcium chloride dihydrate (CaCl2 

2H2O), Formic acid (FA) (98% pure anhydrous), Polyvinyl alcohol (PVA) of high (Mw) (85000), 

Sodium carbonate (Na2CO3), Chitosan (low molecular weight), Acetic acid, Aluminium foil were 

procured from the Sigma Aldrich. An ultra-pure deionized (DI) water with resistivity of 18Mcm-

1 was used for all the experiments.   
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B. Preparation of Silk Solution 

The Silk solution was prepared using a methodology similar to the one reported in our previous 

works.43 This involves the formic acid-based approach. The step-by-step process for the 

preparation of the silk fibroin is shown in figure 1. Briefly, the procured silk cocoons were cut into 

pieces and immersed in the preboiled solution containing 0.05M of Na2CO3 in 2000 mL of DI 

water for 30 minutes to remove the sericin layer coated on the fibroin layer, which is known as the 

degumming process. Afterwards, the squeeze dried nanofibers were slowly dissolved in the 19:1 

ratio of FA to CaCl2 solution under continuous stirring. The prepared silk fibroin solution was 

casted and dried overnight in a plastic petri dish followed by DI water rinse to completely remove 

the unwanted CaCl2 which is known to be the regenerated silk fibroin films. Finally, a 10 wt.% 

silk fibroin solution was prepared by using the Regenerated Silk Fibroin (RSF) in the FA and were 

further centrifuged to remove any unwanted impurities. 

C.  Electrospinning of Silk-PVA nanofiber 

To obtain the S-PVA solution for electrospinning, an optimized PVA concentration of 2mg/mL 

was added in the previously prepared 10 wt.% pure transparent and highly viscous silk fibroin 

solution. A syringe needle of 21G gauge was used with 15 cm distance between the collector and 

needle and a flow rate of 0.5ml/hr at a high DC voltage of 17 kV. Finally, both the silk and S-PVA 

nanofibers were collected on a drum collector covered with an aluminium foil.  

D.  Preparation of Chitosan based thin films 

The Chitosan based thin films were prepared by dissolving 1g of chitosan in 4 % (v/v) of acetic 

acid in DI water at a constant temperature of 50oC, with continuously stirring at 500 rpm. Later, 

the prepared solution was degassed under vacuum to remove the air bubbles and centrifuged to 

remove any excess impurities. Finally, the chitosan was casted in a glass petri dish and dried for 

approximately 48 hours to obtain a flexible and uniform thin film. 

E. Material Characterization 

The structural characterization was performed using the X-ray diffractogram (XRD) using the 

Bruker Discover D8 (=1.54Ao) and Fourier Transform Infrared Spectroscopy (FTIR) using the 

Bruker machine with ATR unit attached. XRD measurements were performed on the S-PVA 

composite nanofibers for a 2 angles ranging from 10-80o with a step size of 0.05o. The FTIR 
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spectrum of nanofibers was recorded in the transmittance mode with 64 scans for the spectral range 

varying from the 400-5000 cm-1. The morphological characterization was done using JOEL FE-

SEM on both the silk and S-PVA nanofibers.   

F. Sensor fabrication and characterization 

The vertically stacked capacitive pressure sensors were prepared with S-PVA nanofibers as the 

dielectric layer and gold on titanium (Ti(10nm)/Au(100nm)) as the top and bottom electrodes using 

e-beam evaporation. The electrodes of length 2cm and width 0.5 cm were deposited via electron 

beam evaporation utilizing a hard shadow mask which was made using the computer-controlled 

blade cutter (Silhoutte Cameo) on a commercial 175µm thick and flexible PVC substrate. The 

detailed schematic showing complete fabrication steps is included in the supporting information 

figure 2. The fully biodegradable pressure sensor (substrate and dielectric) was also prepared using 

the screen-printed silver (2cm x 0.5cm) on a chitosan based thin films as the top and bottom 

electrode. Uniform device dimensions were maintained for both devices with an active area of 

~0.25 cm2. The sensitivity measurements were performed using an LCR meter (E4980AL 

Keysight Technologies, USA) with a custom-made LabVIEW 2018 Robotics v18.0f2 (National 

Instruments, USA). The operating frequency was kept constant at 1MHz throughout experiments 

to finely capture the minor variations in the capacitance. 

Future work: 

As a next step towards this work, the fabrication of the different touch sensors using novel 1D and 

2D structured materials for multiple sensing such as static and dynamic. The fabrication of 

capacitive structure based memristor device and the integration of both sensors with memristors 

and explore towards the e-skin application. Further, we plan to explore memory effect inside the 

different capacitive sensors due to the structural resemblance with flexible memristors.  
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