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Abstract— Stretchable strain sensors based on 

organic/inorganic hybrid NanoComposite (NC) have gained 

wide interest owing to their potential application in health 

diagnosis, soft robotics, and wearable electronics. This paper 

describes a facile strategy of micromolding-in-capillary process 

to fabricate stretchable strain sensors wherein, the sensing 

material (i.e. one-dimensional (1D) material) is wrapped within 

silicone rubber (Dragon Skin™ (DS)) to form a sandwich-like 

structure. The fabricated strain sensors exhibit superb 

stretchability (wide strain sensing range of up to 180%), and 

moderately high sensing performance with outstanding stability 

and durability. They can be applied for human movement 

monitoring such as finger movements to enable human 

physiological parameters to be registered and analyzed 

continuously. 

   Keywords— Stretchable strain sensors, human movement 

detection, silicone rubber, carbon nanotubes, silver nanowires 

I. INTRODUCTION 

Piezoresistive-based stretchable strain sensors are gaining 

a lot of interest as they provide high sensitivity with simple 

device design and readout circuits [1]. They have gained 

significant interest recently because of the wide range of 

wearable applications they enable which includes heath-

monitoring [2], human movement and motion detection, and 

intelligent robots [1]. When a wearable sensor is attached to 

human skin or robots, they need to be well adhered and 

conformal to moving surfaces. Further, they should stretch 

along with the moving surfaces such as human skin to provide 

comfort to the user. Looking into these aspects, some of the 

important requirements for a wearable strain sensor are: (i) 

high stretchability, (ii) high sensitivity, (iii) biocompatibility, 

and (iv) insensitivity to biological fluid such as sweat.  

To address these needs, organic/inorganic hybrid 

‘nanocomposite (NC) materials’ are being investigated [3]–

[5]. This new class of stretchable material is a mixture of 

viscoelastic polymer matrix (organic) and conductive fillers 

(inorganic). These NC materials provide reliable sensing 

signals while enabling movement and comfort for users. This 

class of material is unique as it enjoys many desirable features 

of organic materials (flexibility, biocompatibility, 

processability) yet, it adds electrical conductivity and 

piezoresistive property of the conductive fillers (generally 

nanomaterials) to design stretchable sensors with skin-line 

conformability and stretchability [6]. Many methods have 

been reported to form percolated conductive networks 
throughout the polymer matrix. However, issues such as the 

large amount of filler requirement, hysteresis, poor sensitivity 

etc. still exist. Research efforts are on-going to develop novel 

fabrication approaches and NC materials to resolve these 

issues. 

Innovative device fabrication approaches have been 

experimented to develop highly sensitive stretchable strain 

sensors such as pre-stretching [7], 3D printing [8], direct ink 

writing [9] and microfluidic techniques [10]. For instance, 

exploiting 3D printing method [8] fabricate sensitive strain 

sensors with conductive carbon grease materials to obtain a 

high stretchability of 400%. More recently, microfluidic 

based approach was used to fabricate high performance strain 

sensor. In this fabrication approach, networks of 1D 

materials, such as carbon nanotubes (CNTs) or silver (Ag) 

nanowires (NWs), on top of a stretchable substrate are 

realized in a micro/macro channels, which offers an 

alternative way to realize stretchable strain sensors with high 

gauge factor (GF) [1], [10]. Using this fabrication strategy, 

Han et al. [1], created a NW-based strain sensor by 

hybridizing brittle metal nanowires (Ag NWs, Copper NWs, 

or CNTs) and a conductive organic solution with poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate 

(PEDOT:PSS). Nanowire microfluidic hybrid strain sensors 

exhibit record-high values for both GF and stretchability. 

This is because the advantages of both materials have been 

coupled. The brittleness of the NWs endows the strain sensor 

with an outstanding sensitivity under a small stretchable load, 

and the conductive organic solution significantly enhances 

the deformation endurance of the device.  

In this work, we present a new, facile, and cost-effective 

strategy to construct organic/inorganic hybrid NC based 

stretchable strain sensors. We have developed a 



micromolding-in-capillary (MIMIC) process in which the 

sensing material i.e. one-dimensional (1D) nanomaterial is 

wrapped within dragon-skin (DS) polymer to form a 

sandwich-like structure (Fig.1 (a)). The unique advantages of 

the developed fabrication process are the use of significantly 

less amount of filler material to obtain high NC conductivity 

as compared to conventional NC materials. Secondly, we 

obtain excellent dispersal of filler material in polymer matrix 

without any chemical or physical treatments. 

II. EXPERIMENTAL SECTION 

A.  One-dimensional materials 

Multi-walled carbon nanotubes (MWCNTs) are 

purchased from cheaptubes.com (purity of >95 wt%) with 8-

15nm outer diameter and length of 10-50µm. Silver 

nanowires (Ag NWs) are purchased from Sigma Aldrich. The 

diameter and length of the NWs are 35 ±5nm and 25 ± 5µm, 

respectively. Fig.1 (b) shows the scanning electron 

microscopy (SEM) images of the materials. Dragon Skin™ 

silicones are used for a variety of applications, ranging from 

creating skin effects and other movie special effects to 

making production moulds for casting a variety of materials. 

Due to their superior physical properties and flexibility, they 

are also used for medical prosthetics and cushioning 

applications. It is purchased from Smooth-On company. 

B. Synthesis of 1D material solution and Dragon Skin™ 

curing process 

MWCNTs/IPA solution: Mix CNTs in isopropanol (IPA) 

according to the desired weight ratio. The optimized weight 

percent is 0.5 wt%. Place the solution in ultrasonicator and let 

it for one hour to detangle the nanotubes to form uniform 

suspension. Ag NWs were used as received (5 mg/ml in 

ethanol). 

Dragon Skin™: As a stretchable organic part, DS 

elastomer is made using part A and part B. The mass ratio 

between the two is 1:1. Then, this mixture is thoroughly 

mixed and degassed for 2 min in a desiccator. Following this 

step, an ≈1000 µm thick DS layer is drop casted over Kapton 

tape or SU-8 rigid pattern. The DS layer is kept at room 

temperature for 45 min to finish the curing process. 

C. Functional characterization of the sensors 

The electromechanical properties of the developed strain 

sensors are subsequently characterized using our custom-

built test-bench set up. The change in resistance while 

stretching the DS substrate using a linear stage is monitored 

using LabVIEW controlled Keithley 2400 source meter. The 

linear stage is controlled using the E-861 PiezoWalk® 

NEXACT® Controller. The stretch rate was varied between 

0.1 mm/s to 10 mm/s. 

III. RESULTS AND DISCUSSIONS 

The fabrication method of strain sensors is inspired from 

a micromolding-in-capillary (MIMIC) [11] process, 

schematically shown in the Fig.1 (a). In the first step, grooved 

bottom DS plate is realized using a standard moulding 

process (see experimental section for curing process of DS). 

The groove dimensions and depth can be tuned according 

with the size and thickness of polyimide or SU-8 (epoxy-

based negative photoresist) layer. Following, a drop of the 1D 

material suspension (approximately 100µL) is introduced at 

the DS mould tip. Two different 1D sensing materials have 

been exploited to fabricate and study strain sensing 

performance of such device structure, namely MWCNTs and 

Ag NWs. The suspension filled the channels of the DS mould 

through capillary forces. In the MIMIC process, the rate of 

capillary filling depends on the kinematic viscosity, surface 

tension of the liquid, and section size of the capillary [11], 

[12]. In the third step, copper (Cu) wires are attached using 

silver epoxy paste. In the last step, “sandwich” structure is 

realized by pouring another layer of DS. The top DS layer 

will fully and firmly package the 1D sensing material, thus 

only sensing material move with the DS deformation 

The cross-sectional SEM images of the packaged 1D 

sensing material, between two DS layers, is shown in the 

Fig.1 (c). It can be seen using SEM images that the 1D 

sensing material is uniformly dispersed and firmly packaged 

within DS polymer. Fig.1 (d) presents the bar graph showing 

Figure 1. (a) Schematic of the micromolding-in-capillary (MIMIC) fabrication process of the stretchable strain sensors, (b) SEM images of the 1D materials 

(MWCNTs and Ag NWs), (c) cross-sectional SEM images of the sensor, (d) average nominal device resistance of the 1D material / DS nanocomposite 

materials, and (e) optical micrograph of a MWCNT/DS sensor. 



average nominal resistance values obtained using MWCNTs 

and Ag NWs sensing materials. As expected, Ag NWs/DS 

NC material exhibit lower resistance values (~100 Ω) 

compared to MWCNT/DS NC (~1 kΩ). The 

electromechanical properties of the developed strain sensors 

subsequently characterized in detail using our custom-built 

test bench. The change in resistance while uniaxially 

stretching the DS substrate using a linear stage is monitored 

using LabVIEW controlled keithley 2400 source meter. The 

sensitivity of sensor is quantified by calculating a figure of 

merit, i.e. the Gauge Factor (GF), which is defined as GF = 

(Δr/r0) / (Δl/l0), where r0 and Δr (r-r0) correspond to the 

original resistance and the change in resistance under 

stretching, respectively and Δl is the change in the length and 

l0 is the initial length. Fig. 2 (a-d) shows the 

electromechanical characterization results for MWCNT/DS 

composite. As shown in the Fig.2 (a), the MWCNT/DS 

sensor shows that at small strain levels of up to 45% (i.e. 4.5 

mm of stretching), the device showed almost linear change of 

resistance with strain applied. Beyond 45% strain, the 

resistance increases rapidly up to 120% strain. The 

corresponding GF at 120% strain is 60. It is to note that the 

device showed no further increase in resistance with further 

stretching up to 180%. The effect of strain rate and stability 

test results are shown in Fig.2 (b) and 2 (c-d), respectively. 

The strain rate is varied from 0.1 mm/s to 10 mm/s with a step 

increase of one order. Fig.2 (b) presents Δr/r0 values when the 

strain sensor was stretched with different strain rates keeping 

maximum strain constant (180%). Devices showed good 

recoverability at lower strain rate. At higher stain rates, small 

hysteresis and shoulder peaks has appeared. Similar shoulder 

peaks has been observed in other CNT/polymer composites 

[4], which is mainly attributed to the competition between the 

destruction and reconstruction of conductive networks during 

cyclic loadings. However, further investigations are needed 

to confirm the proposed mechanism. The stability of the 

MWCNT/DS NC-based strain sensors were studied by 

loading and unloading stretching cycles for 30% strain (900 

stretch cycles at a strain rate of 0.1 mm/s). The results are 

shown in Fig.2 (c-d). It is observed that the maximum value 

of Δr/r0 remains unchanged with stretch cycles. These results 

show that MWCNT/DS composite possess superior stability 

and repeatability, which could be used as smart strain sensors 

to continuously monitor human movements. Even after 24h 

of continuous operation, the device nominal resistance 

remains same which shows the high durability of the 

fabricated devices. The electromechanical characterisation 

results for AgNWs/DS composite are shown in Fig.2 (e-g). A 

very high GF of > 106 is achieved using AgNWs/DS based 

sensor at 30% strain with good stability (data for 100 stretch 

cycles are shown). The occurrence and propagation of the 

cracks in the concentrated strained areas of the brittle 

conductive layers when the composites are stretched, is the 

proposed working mechanism for showing high sensitivity 

when using Ag nanomaterial as filler material [13]. The 

appearance and propagation of the cracks lead to a 

remarkable increase in electrical resistance (see optical 

images in Fig.2 (e)).   

As MWCNT/DS composite shows a large working 

window (stretchable up to 180%), it can be a promising 

platform for application as sensitive stretchable strain sensors 

for human movement monitoring. Subsequently, as a proof-

of-concept demonstration, we used the MWCNT/DS sensor 

to monitor the bending movement of the human index finger. 

To monitor the finger movements, the MWCNT/DS device is 

mounted on a nitrile glove that is subsequently worn by a 

volunteer (Fig.3 (a)). Unambiguous stepwise resistance 

changes are recorded while the finger is bent gradually (Fig.3 

(a)). Finally, the strain sensor is mounted on a nitrile glove 

(on index finger) and connected with a single-board 

microcontroller (Arduino UNO) and light emitting diodes 

(LEDs), as shown in the Fig.3 (b). The microcontroller is 

programmed to light LEDs when strain sensor resistance 

increases. When the finger is bended and sensor is stretched, 

its resistance increases. The voltage at the terminals of the 

resistive sensor is measured through an analog-to-digital 

converter. The greater the resistance, the greater the voltage 

Figure 2. Electromechanical characterization results of the nanocomposite-based sensor: (a-d) MWCNT/DS nanocomposite and (e-g) AgNWs/DS 

nanocomposite. 



measured at the terminals and the greater the number of 

illuminated LEDs. 

IV.  CONCLUSIONS 

In summary, we proposed a simple and cost-effective 

fabrication process to produce sensitive and stretchable strain 

sensors for human movement sensing. The strain sensors 

include macro channels filled with 1D inorganic materials 

(MWCNTs or AgNWs) and organic silicone polymer. The 

organic/inorganic hybrid sandwich structure provides 

percolation paths for electrical conduction at the cost of a 

significantly low amount of filler material. The MWCNT/DS 

based sensors were tested to demonstrate real-world 

applications such as monitoring human finger movements. 

Using a single-board microcontroller, we have demonstrated 

changes in LEDs colours with the applied strain (no colour at 

zero strain, yellow at a lower level of strain and red colour at 

higher values of strain). This organic/inorganic hybrid strain 

sensor may advance the realization of future soft electronic 

devices, such as smart robotics, electronic skin, human 

motion, health-monitoring systems, and human–machine 

interactive systems. 
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Figure 3. Finger movement monitoring: (a) optical image of the MWCNT/DS sensor on index finger and Δr/r0 variation with finger bending. (b) Illustration 

of finger movement monitoring with an integrated electronic system constructed using a microcontroller, LEDs and strain sensor placed on index finger.   
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