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Abstract— This paper concerns the design, fabrication and characterization of graphite/PDMS sensors for low-force sensing 

applications. Exploiting the design flexibility of 3D printing, moulds of specific dimensions were prepared onto which graphite powder 

and PDMS were cast, to develop sensor patches. The sensor patches were highly flexible with repeatable responses to iterative bending 

cycles. The patches were tested in terms of stretchability, strain and bending-cycle responses. The sensor patches had interdigitated 

electrodes operating on capacitive sensing, where the effective capacitance changes with an applied force because of changes in their 

dimensions. Forces ranging from 3.5 mN to 17.5 mN were applied to determine the capability of these sensor patches for low-force 

sensing applications. The sensor patches had a quick recovery having a sensitivity and SNR per unit force of 0.2542pF.mN-1 and 10.86 

respectively. The patches were capable of differentiating the forces applied on them, when they were attached to different objects in 

daily use.     
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1. Introduction 

The use of force sensors is a popular and convenient technique in sensing technology for monitoring different strain-induced 

applications. They have always been a popular choice due to their benefits for dynamic and quasi-static measurements. Different 

kinds of force sensors based on the processed materials, operating principle, and performance have been developed to date. The 

advantages of these force sensors lie in the longevity in their performances in terms of sensitivity, linear range of operation and 

durability with various loads. In earlier times, force sensors with silicon-based substrates were developed for industrial [1, 2] and 

biomedical [3, 4] applications. Even though they did serve a wide range of interdisciplinary applications like imaging and 

interventional fields [5], there were certain disadvantages attached to them. Some of them are high cost per unit, low output 

signal, high input power and high leakage current. As a result of these drawbacks, sensors with flexible materials [6] have been 

devised and formulated for force sensing [7, 8]. In order to develop flexible sensor prototypes, a range of processing 

material have been used based on their electrical, mechanical and thermal properties. Different types of polymeric and 

elastomeric materials like polydimethylsiloxane (PDMS) [9], polyethylene terephthalate (PET) [10], polyimide (PI) 

[11], poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [12], etc. have been used to develop the 

substrate of the flexible force sensors. Among these materials, PDMS has been a favourite choice [13-15] due to the low 

cost, hydrophobicity, biocompatible nature, easy handling in combination with a moulding process and ability to form 

nanocomposites due to the formation of exceptional interfacial covalent bonding with the electrodes [16]. Similarly, 

different types of conductive materials like carbon allotropes [17], silver [18], gold [19] have been used to develop the 

electrodes of the sensor patches. The choice of conductive material differs in terms of their electro -mechanical 

properties. Graphite, one of the allotropes of carbon, has been used predominantly due to its high electrical conduct ivity, 

porosity, and corrosion resistance compared to other allotropes of carbon as electrodes. They have been used for 

temperature sensing [20, 21], electrochemical sensing [22, 23], strain sensing [24], piezo-resistive sensing [17] and bio-

sensing [25-28]. Among the fabrication techniques, different methodologies like photolithography [29], screen printing 

[30], laser cutting [31], 3D printing [32], etc. have been used for developing flexible prototypes. Among them, utilizing 

3D printing to develop the moulds [33, 34] provides a high degree of design flexibility, which could be exploited to 

optimize the sensor design for specific applications. This paper presents the design, development, and implementation of 

novel sensor patches fabricated by combining 3D printing with a casting technique. 3D printing was used to produce a 
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mould for the desired sensor shape into which a thin layer of graphite powder was filled followed by casting in PDMS. 

This process results in flexible sensor patches with conductive graphite electrodes at their top surface. After curing, the 

developed sensor was peeled out of the mould, characterized and used for force sensing.  

Nowadays, flexible sensors incorporated with microelectromechanical systems (MEMS) have become a popular choice for 

researchers to develop micro-structured devices for force sensing. Some of the applications include their uses as tactile sensors 

for biomimetic application [35] and robotic applications [36], while some of the sensors, being capacitive in nature, 

offering the advantages of simplicity in design and fabrication, high sensitivity, and relatively low energy consumption 

[37]. The application of flexible sensors for [38] applied low-force sensing specially in the field of tactile sensing, [39] used 

it for robotic and upper-limb prostheses, touch screens were made using it by [40] and soft tactile sensors were achieved 

using it by [41]. Although various materials have been used in this research, there have been certain limitations like high 

cost, complexity in design and rigidity associated with them. For example, even though [38] used a microfluidic 

multilayer sensor to measure forces up to 2.5 N, their disadvantages lie in the material cost and complexity of the 

structure. Although, the research from [42] on capacitive polymer tactile sensors is available, the detectable range of 

operation in this case is too high, especially for haptic robotic applications. Our work provides a conjunctive approach 

on the cost of fabrication, operating principle and detectable range. Our sensors can also detect forces within a low -force 

regime, ranging from 3.5 mN to 17.5 mN, which could lead to utilization of these sensors as wearables for rehabilitation 

purposes after the patient suffers from a stroke, muscle spasms, etc. In such cases the sensors would enable monitoring 

of even slight movements of a body part to determine the patient’s recovery. The novelties of this paper lie in two 

specifics: (i) the development of a flexible, capacitive sensor patch fabricated using a 3D printed mould and (ii) the 

application of these sensor patches for low-force sensing. 

 

2. Fabrication of the sensor patches 

The fabrication of the sensor patches was done in the laboratory environment at fixed temperature and humidity conditions. 

Figure 1 shows a schematic of the steps carried out for fabrication of the sensor patches. A 3D printer (3D PRINTING 

SYSTEMS, UP Plus 2) was used for creating the moulds, which were employed as reusable templates to fabricate the 

sensor patches. [43] showed the use of Acrylonitrile Butadiene Styrene (ABS), with a diameter of 1.75 mm being the best 3D 

printer filament. A printed-circuit board acted as the base onto which the mould was printed (Figure 1(A)). The design 

of the electrodes was done with commercial software (CREO Parametric 2.0) that related to the printing system. The 

fabrication of a 3D printed mould (Figure 1(B)) took around 25 minutes. The moulds were thoroughly cleaned with 

isopropanol before using them for casting purposes. The initial casting was done with graphite powder (Sigma-Aldrich 282863-

25G, <20 µm) onto the trenches of the 3D printed moulds (Figure 1(C)).  

 

 

 
 

Figure 1: Schematic diagram of the fabrication process. (A) 3D printing resulted in the reusable mould (B). Then, graphite powder was cast (C) onto the mould, 

filling its trenches. This was followed by casting of PDMS (D), which was cured to form the sensor patches (E). 

 



The residual powder remaining on the moulds other than on the trenches was carefully scraped off. Then, a layer of PDMS 

(SYLGARD® 184 SILICONE ELASTOMER KIT) was cast onto the mould to form the substrate of the sensor patches 

(Figure 1(D)). The height of the PDMS layer was adjusted to 1000 microns by a casting knife (SHEEN, 1117/1000mm) 

(Figure 1(D)). The sample was then desiccated for an hour to remove any trapped air bubbles on the surface of the 

PDMS (Figure 1(D)). After curing of the sample in the oven at 70 °C for 2 hours, it was peeled off to generate the final sensor 

patch (Figure 1(E)). A study was performed to determine the concentration of graphite used in the trenches of the mould 

to develop the electrodes. A trade-off was done between the electrical conductivity and the mechanical flexibility of the 

resultant electrodes to determine the amount of graphite powder.  

 

 
 

Figure 2: Change in conductivity as a function of the graphite powder. 

 

The result in Figure 2 shows the change in conductivity with the concentration of graphite present in the total mass of 

graphite and PDMS.  It is seen that the conductivity of the electrodes gradually increases with an increasing 

concentration of graphite in the mixture until 4.4 %, after which it remained almost constant. The amount of graphite 

powder and PDMS on the electrodes varied in accordance with the height of the trenches, thus keeping the ratio 

constant. This happened due to the percolation threshold of the nanofillers in PDMS, causing a saturation of the 

interfacial bonding between the conductive materials. The gradual increase in the amount of graphite powder increased 

the linkage of the nanofillers, thus increasing the electrical conductivity constructing an interconnected network in the 

polymer matrix. Even though the resultant electrical conductivity of the nanocomposite-formed electrodes were less 

than that of graphite, the overall conductivity was good enough for this force-sensing application.  
 

 
 

Figure 3: Front view of the final sensor patch. The sensor patch consisted of three pairs of electrode fingers, each with a length and width of 18 mm and 2 mm, 
respectively. The interdigital distance was 1.5 mm and the sensor patch had a total surface area of 900 mm2. 



 

Figure 3 shows a front view of the sensor patch obtained at the end of the fabrication process. The sensor patch, having 

a surface area of 900 mm2, consisted of three pairs of electrode fingers, each having a length (L) and width (W) of 18 

mm and 2 mm, respectively. The interdigital distance (d) between two consecutive fingers was 1.5 mm. The thickness of 

the sensor patches was around 2 mm. Figure 4 shows the top view and cross-sectional view of Scanning Electron 

Microscope (SEM) images of the developed sensor patch taken with a Phenom XL. The PDMS layer came off smoothly 

and cleanly from the top of the graphite electrodes (Figure 4(A)). A top view of the electrodes, representing the graphite 

and PDMS mixture with black and white regions respectively, is shown in Figure 4(B). The image was taken near the 

centre of one of the electrode fingers which justifies the presence of a higher amount of graphite than of PDMS. The 

cross-sectional view of the electrodes is shown in Figure 4(C), which shows the two distinct layers of PDMS substrate 

and graphite and PDMS mixed electrodes. It is seen that the edges of the electrodes came off clean and perpendicular to 

the surface, formed by the curing process of PDMS and peeling the sensors off the 3D-printed moulds. A comparison 

between the size of the final product and a 50 cent AUD is shown in Figure 5. 

An illustration of the flexibility of the sensor patches is shown in Figure 6. The significance of this high mechanical deformation 

of the sensors lies in their usages for precise strain-induced applications like in aircrafts, military applications, tissue engineering, 

environment, energy harvesting, etc. The capability of these sensors to immediately reform to the original state without the 

occurrence of any offset value (Figure 12) makes a viable option to be used for a long term with getting replaced. The consistency 

of the results (shown below) makes them popular for smart-home related applications where the usage of seating objects like 

chair, couch, etc. can be monitored and determined accurately. The characterization and experimental tests of the sensor 

patches were carried out using an impedance analyser (HIOKI IM 3536 High tester). Kelvin probes were used to 

connect the patches from one end while they were attached to clamps or bent during the characterization procedure. For 

the experiments, the sensor patches were firmly fixed at the opposite end of the Kelvin probe to determine the changes 

because of the applied load. 
 

 
 

Figure 4: SEM images of the developed graphite-PDMS sensor depicting the top-view of (A) PDMS, (B) graphite-PDMS mixture and (C) cross-sectional view of 

the electrodes. 

 

 
 

Figure 5: Comparison of the size of the sensor patch with a 50 cent AUD.  



 

 
 

Figure 6:  Image of the developed sensor patch depicting its flexibility. 

 

3. Operating Principle  

The working principle of the sensors can be compared with that of a planar capacitor. Due to the flexible nature of the patches, 

their dimensions changed as a result of an external load on their sensing area. [44] roughly defined the relative change in 

capacitance of a flexible sensor as  
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where, 
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The total area (A) can be related to the length (L) and width (W) of the electrodes. So, eq. (i) can be rewritten as,  
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On the application of an external force 𝐹, the effective Young’s Modulus (𝑌) of the sensor changes, along with its dimensions 

(length (L + ∆L), width (W + ∆W) and interdigital distance (d + ∆d) of the electrodes) [45, 46]. Thus, the relative change in 

capacitance with respect to load can be given by eq. (iii), 

 
∆𝐶

𝐶
=

2𝐹

𝐴𝑌′
 

(iii) 

 

where, 𝐹 is the external force applied and 𝑌′ is the effective Young’s modulus.  

 

The equivalent model of the developed sensor was determined using a theoretical model performed by a spectrum-

analyser algorithm. The non-linear least-square curve-fitting (CNLS) technique was applied on the sensor to determine 

its electrical parameters. This was achieved by obtaining the profile of the sensor in air without any given load. Figure 7 

shows the Nyquist plot (red dotted line) obtained from a frequency sweep done between 1 Hz and 100 kHz, being fitted 

to the theoretical estimated values (green line) to obtain the suggested circuit. The equivalent circuit shown in the inset 

of Figure 7 shows the presence of the two capacitive elements and one resistive element of the sensor. In addition to the 

capacitive nature (C1) of the interdigitated electrodes and resistance (R) of the material, the second capacitive element 

(C2) is due to the double-layered capacitance created by the connection of the sensor with the probes.     

 



 
 

Figure 7: Equivalent circuit of the sensor determined through profiling of the sensor done in air. 
 

4. Experimental results  

The characterization of the sensor patches was carried out at 5 kHz. Initially, a load-extension measurement was done 

with the sensor patches to determine their elastic behaviour. The experiments were performed with a 10 kN tensile tester 

(EXCEED Model E42) as shown in Figure 8. The sensor patch was clamped from two sides with the electrode fingers 

parallel to the clamped regions. The direction of the applied load is shown in the inset of Figure 8. The load was applied 

on the sensor patch by fixing one of the two clamps while moving the other one. As shown in Figure 9, the response is 

within the elastic limit of the load-extension curve and the extension follows linearly the applied load with a high 

regression coefficient. It is seen that the yield point, ultimate stress and rupture point of the sensors are 13.9 N, 14.41 N 

and 14.13 N respectively. The Young’s Modulus (E) of the sensor patches at an extension of 6 mm was 163.6 kPa, 

obtained from the calculated values of stress (81.8 kPa) and strain (0.5).  

 

 
 

Figure 8: Experimental setup for load-extension measurements. The inset shows the direction of the applied load. 

 



 
 

Figure 9: Response of the sensor in terms of extension with respect to an applied load. 

 

 
 

Figure 10: The capacitance of the sensor patch when extended by an applied load. 

 

The change in capacitance of the patch because of the extension is shown in Figure 10. It was almost linear, with a 

sensitivity of 

 

Sensitivity =   ∆C ⁄ ∆Extension= 2.5 pF/mm (iii) 

  

The bending response of the sensor patches was tested by bending them by hand so that the electrodes were under 

compressive load. Figure 11 shows the different capacitance values for bending radii of curvature ranging from 6 mm to 

11 mm. A controlled bending was done by applying a constant force on the sensing area using a force gauge, while 

fixing the two sides of the sensor between the marked table tops. The marking was done (in mm range) to determine the 

changes of the radius of curvature of the sensor. The applied force was changed simultaneously vary the bending radius, 

followed by obtaining the capacitance value at a particular radius. The capacitance decreased with increasing radius. As 

the condition of the sensor patch changed between the normal and flexed state, the dimensions of the sensor patch 

oscillated between the normal and compressed. Having an insight of the increase and decrease in capacitance for the 

tensile (extension) and compressive (bending) stresses respectively, there would an overall increase in the capacitance 

when both stresses affect the sensor simultaneously [46, 47]. One common example for this type of application is the 

detection of body movements, where the sensors attached to the joints of the limbs would experience an overall strain as 

a result of their flexed condition. The overall increase in the capacitance can be attributed to a higher effect of the 

applied stress on the area (A) than on the interdigital distance (d) of the electrodes. Figure 12 shows the change in the 

capacitance for the normal and bent states of the sensor patch undergoing 10 cycles. The bending was done manually by hand, as 

shown in the inset ((a) and (b)) of Figure 12. The consistency of the bending radius of the sensor was ensured by bending the 



sensor to the smallest possible curvature (3 mm). When the sensor patch changed from normal to a bent state, the capacitance 

value increased from 2 pF to an average value of 35 pF. The switching action of the capacitance values can be attributed to the 

change in dimension of the sensor. This happens due to a decrease in the radius of curvature due to the bending of the patch, 

which increases the capacitance value, as is evident from Figure 11. However, there were minor glitches (1st and 8th cycles) in 

capacitance values, which can be attributed to human error. Overall, the sensors did display consistent results for this specific 

bending radius.  
 

 
 

Figure 11: Capacitance of the sensor for a bending radius from 11 mm to 6 mm. 

 

 
 

Figure 12: Capacitance of the sensor patch for multiple cycles of normal and bent states. The capacitance value increases in the bending state 

compared to the normal state of the patch. 

 

 

Force-sensing experiments were conducted with different weights of the same shape by placing them on the sensor patches. The 

sensor patches were tested with five different forces, ranging from 3.5 mN to 17.5 mN. The patches were firmly fixed to avoid 

any movements during experimentation. The location of the weights on the sensing area of the patches were kept the same to 

minimize the effects of their area on the responses. An average of five experimental readings was taken for each weight to ensure 

repeatability of their responses. A particular frequency (5 kHz) was chosen to determine the different capacitance values with 

respect to the forces. Figure 13 shows the response of the sensor patches for the five loading forces. As shown in the figure, the 

change in capacitance values with respect to the forces is almost linear, with a force sensitivity of 0.2542pF.mN-1, in a range from 

3.5 mN to 17.5 mN. 



 

 
 

Figure 13: Response of the sensor patch for a particular frequency (5 kHz) depicting the different capacitance values for the different experimental weights. 

 

Some possible real-time applications with the developed sensor patches are shown in Figure 14. Biocompatible tapes (STAPLES 

masking tape) were used to attach the sensor patches to different objects like a ball (20.04 gm), a cup (320.85 gm), a bottle 

(379.18 gm) and a badminton (98 gm) racket. The responses of the sensor patches were determined to analyse the force with 

which the objects were held. Figure 15 gives the different capacitance values with respect to each object. The forces were applied 

with the hand on the sensing area of the patches. It is seen from the values that the sensor patches were capable of differentiating 

the forces exerted on each object. This is advantageous in two ways,  

 

 
 

Figure 14: Illustration of some possible applications in force sensing with the fabricated sensor patches. The patches were attached on the (A) Ball (B) Cup (C) 
Bottle and (D) Racket to test their usages. 

 



 
 

Figure 15: Response of the sensor patches for the above applications. The differences in the responses were present due to the different forces worked on the 
sensor patch. 

 

Firstly, these Graphite/PDMS patches can also be attached to other daily-use objects to test their usages. Also, they have an 

advantage for tactile sensing with various prosthetic limbs, where the amount of force exerted on the sensors can be analysed with 

these artificial limbs. Apart from the simple operating principle and large-scale fabrication of these sensor patches at low cost, 

other advantages of these patches lie in their robustness in terms of mechanical flexibility and capability of sensing very low 

forces which makes them a popular choice for real-time force sensing applications.   

 
 

5. Conclusion  

This paper presents the development and implementation of some novel flexible force sensors, which were fabricated using 3D 

printed moulds. The sensor patches were fabricated by casting of graphite and PDMS into these moulds. Graphite, being one of 

the most conductive allotropes of carbon, was used due to its high electrical conductivity and corrosion resistance. PDMS was 

used to develop the substrates due to its low-cost and easy handling. The curing of the PDMS layer formed the sensor patches, 

which were then characterized and used for low force sensing applications. This method combines the flexibility of 3D printing in 

terms of geometries with a cost-effective casting process. Interdigitated electrodes on top of the patches were used for sensing the 

effects of forces applied to the patches by measuring the capacitance of these structures. The sensor patches were characterized 

with respect to load, extension and bending. Table 1 shows a comparative study of some of the important parameters like 

fabrication techniques, materials used, sensitivity, limit of detection and range for some of the significant research work done on 

force and pressure sensors. In comparison to all this work, the novelty of our work lies in the conjugated use of 3D printing and 

casting techniques to develop flexible force sensors. The moulds can be reused many times, and large-scale production of these 

sensors makes it a quick and efficient fabrication process. The thin-film nature of these sensors makes them viable to be used for 

multifunctional strain-induced applications. The inclusion of Graphite and PDMS, both of which are cheap and biocompatible, for 

force sensing creates an alternative to the expensive force-sensing systems used in industry. In terms of fabrication procedure, the 

Graphite content in PDMS used to develop the nanocomposite-formed electrodes can also be utilized to form multilayered thin-

film structures. The capacitive nature of these sensors adds to the overall low cost of operation in terms of low input power. 

Another major advantage is the stability of the response, as shown from consecutive bending cycles. It can be very significant for 

the 3D printed devices whose responses saturate after prolonged use. This can be an expensive process if replacement of sensors 

is needed to maintain constant sensitivity. Even though the results for just ten cycles have been shown in the manuscript, the 

response did not change after continuous bending of more than hundred cycles. The stability of this response can be attributed to 

two factors. The formation of the nanocomposite-based electrodes included the synergic effects of graphite and PDMS, adding 

robustness and flexibility to them [48]. The interconnected nanocomposite sensing network allowed free movement of the 

nanofillers, thus negating any brittle nature of the electrodes. Secondly, due to the high aspect ratio of graphite nanoparticles [49, 

50], there would be an improvement in contacts between the nanoparticles subsequent to mechanical deformation. This allows the 

structure to get back into its original position as soon as the stress is released. The sensors showed a force sensitivity of 0.2542 

pF.mN-1 in a range from 3.5 mN to 17.5 mN, having a signal-to-noise ratio per unit force of 10.86. 

 



Table 1: Comparative study of some of the significant research work in terms of the listed parameters.  

Sl. 

No. 

Fabrication 

technique 

Materials processed Limit of 

detection 

Range Sensitivity Measurand Reference 

1.  Spin-coating MWCNTs/PDMS 6 kPa 6-101 kPa 474.13 

kPa-1 

Mechanical 

vibration and air 

pressure 

[51] 

2.  Self-assembly/ 

Casting 

Polystyrene/PDMS 0 0–100 kPa 196 kPa−1 Physiological 

movements, 

speech signals 

[52] 

3.  Self-assembly Polystyrene/PDMS 0.1 kPa 0.1 -5 kPa 15 kPa–1 Physiological 

signals 

[53] 

4.  In-situ 

polymerization 

N, N′-methylene 

bis(acrylamide) 

(NNMBA)/ Ammonium 

persulphate (APS) 

0.005 

kPa 

0.005 - 5 

kPa 

0.45 kPa–1 

(> 30 Pa), 

6.21 kPa–1 

(4-25 Pa) 

Tactile sensing [54] 

5.  DVD laser-

scribing 

Reduced graphene-oxide 0 0 - 50 kPa 0.96 kPa−1 Tactile and 

pressure sensing 

[55] 

6.  Hummer’s 

method/ Layer-by-

layer assembly 

Graphene/Gold 

nanoparticles/PDMS 
86 Pa 86 –

53900 Pa 
0.5 Pa−1 Robotics, 

artificial skins 
[56] 

7.  Lithography/Spin-

coating 

Barium/titanate/Polyimide 0 0 -590 N 2.4 mV/N In-situ force 

measurements 

[8] 

8.  Laser cutting/spin-

coating 

Copper/Tin/PDMS 0.5 N 0.5-27 N 0.34 ± 

0.02 N−1 

 

Tactile sensing [41] 

 

The sensor patches were also attached to different daily-use objects to determine their capability to be used for real-time 

applications. The results show the potential for these sensor patches to be used as cheap and highly efficient force sensors, which 

can be used to develop low-cost, easy-to-fabricate systems for ubiquitous force-sensing monitoring applications. The capability of 

these sensors to measure such low forces increases their potential to be used in different touch-sensing applications, especially as 

soft-tactile sensors [57-59]. In comparison to the available research work done with 3D printed and Hall sensors, some of the 

advantages provided by these Graphite/PDMS sensors are higher dynamic range of force sensing, a capacitive method of sensing 

that provides a wide range of materials and low-resolution sensing and ability of communication at greater distances. Due to the 

biocompatible nature of the sensors, they can also be used in conjunction with implantable catheters for drug delivery and 

subsequent in-vivo changes. Other future work with these sensors would include their usage in real-time applications such as 

artificial skins (e-skins) to determine small touches on the body. They will be used as wearable sensors, embedded with signal-

conditioning circuits for ubiquitous monitoring of the strain-induced applications. They can be incorporated with the clothes of a 

person to constantly monitor their physical health. Due to their ability to measure very low forces, they can also be employed for 

the detection of vital electrophysiological parameters like heartbeat, respiration, etc. These sensors can also be associated with 

prosthetic limbs to determine their capability for tactile sensing, replacing the currently used commercialized tactile sensors 

developed from materials like Dacron and Kevlar. They can also be used with robotics, where these sensors can provide 

information about the ambiance. From the fabrication point of view, the printed sensors can be associated with selective materials 

for biomolecular and biochemical sensing. The use of these sensors for other applications like temperature, gas, humidity, etc. 

sensing, can also be determined to validate their operation as multifunctional sensing systems.  
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