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ABSTRACT 

Flexible strain sensor has gained popularity in recent years due to high demand in modern 

applications such as flexible electronics, IoT, human-machine interactions, human-motion 

detection and structural health monitoring. Usually, metal layers made of silver, copper and other 

metals were deposited to create strain sensors. Nevertheless, they are frequently made from non-

stretchable substrates, they have a restricted ability to be elongated for large strains; therefore, they 

are not durable at large strain range and are susceptible to mechanical faults. In the present work, 

we investigate the fabrication of a highly flexible strain sensor based on ternary composites; 

PDMS/MXene/CNTs composite. MXene (2D material) and multi-walled carbon nanotubes 

(MWCNTs, 1D material) are added via solution mixing as conductive nanofillers into a flexible 

matrix; poly(dimethylsiloxane). X-ray diffraction, Raman spectra and scanning electron 

microscopy are employed to study chemical morphology and microstructure of the developed film. 

Gauge factor – sensitivity to mechanical strain− is recorded as high as 7. The developed sensor 

was durable and reliable with no significant deterioration over 103 cycle. Sensing various human 

movements is also investigated showing high sensitivity to elbow bending, and knee and wrist 

movements. The study shows that integrating 2D and 1D materials as two-phase conductive 

nanofillers is a promising strategy to develop highly strain-sensitive and yet flexible 

nanocomposites.      

Keywords: Strain sensor; MXene; Multi-walled carbon nanotubes; Conductive composites 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

A sensor is a device that transforms a physical input into an output that is functionally linked and 

typically takes the form of signal (either electrically or optically ) that is able to read or recognized 

whether by individual operators as well as electric device [1]. Force, pressure, temperature are 

examples of entities that can be measure by sensors and their related interface [2]. A sensor is 

primarily defined as a device that is only responsive to the physical or chemical quantity to be 

measured and does not affect the characteristics of the physical or chemical quantities while it is 

operating [3]. These sensors are unresponsive to all other variables that are likely to occur in their 

application. The responsiveness of a sensor describes how much the output can vary depending on 

how the chemical and/or physical characteristic being measured changes. Specificity, 

responsiveness, precision, calibration range, sharpness, cost-effectiveness, durability, and other 

crucial characteristics of a sensor should all be taken into account while choosing one, in addition 

to the current environmental factors [4]. 

Sensors can be broadly divided into two categories based on the characteristics of the material or 

sample being measured: physical and chemical. The physical category includes devices that detect 

or measure physical responses such as force, pressure, temperature, index of refraction, magnetic 

and electrical properties [5]. In addition, there is no chemical interface with the instruments. A 

chemical sensor possesses chemically sensitive surface that reacts only to a specific sample [6].It 

focuses specifically on the chemical data gleaned from the analyte's chemical response or a 

physical characteristic of the system under investigation. The concentrations of a particular 

element or the investigation of the entire composition may be included in this data, which is 

subsequently converted into signals with analytical applications such as conductance, light, 

voltage, current. 

Depending on the perspective of signal conditioning, sensors can also be categorized as either 

passively or actively [7]. An active sensor is one that needs an external source of stimulation, such 

as laser fluorosensor, synthetic aperture radar, sonar and resistive strain gauge pressure sensors. 

These sensors do not produce output without the external source. In contrast to active sensors, a 
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passive sensor produces their own energy or obtain from their related components being used, 

negating the need for an external power source. Piezoelectric, thermocouples are examples of 

passive sensor.  

1.2. Motivation and Problem Statement 

Generally, a flexible strain sensor is made of up conductive materials incorporated in soft 

stretchable materials (elastomers). A strain sensor should meet certain requirement such as high 

gauge factor, responsiveness, longevity, linearity, and low hysteresis in order to function in an 

ideal manner. Many research experiments have been conducted using different conductive material 

in order to manufacture flexible strain sensor but still its huge challenge to have ideal sensor with 

aforementioned qualities. In order to achieved such qualities we are investigating the fabrication 

of flexible strain sensor by integrating the conductive materials with various morphologies (1D 

and 2D materials) to have joint composite conductive film.    

1.3 Research Aims and Objectives 

The main aim of the work is to fabricate highly flexible strain sensor based on elastomer (Ecoflex) 

as substrate. MXene (2D material) with MWCNTs (1D material) conductive materials are used to 

form a 3D conductive network within the elastomeric matrix. The objectives of this research work 

are as follows: 

 To synthesize MXene nanosheet from MAX phase powder using chemical etching approach. 

 To chemically modify MWCNTs to promote its dispersion with the elastomeric matrix  

 To synthesis elastomer/ MXene composites and elastomer/MXene/MWCNT composites  

 To investigate microstructure and morphology of the developed composites 

 To study strain sensitivity of the developed composites and their durability     
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction   

Recently, there are surged in demand of flexible and wearable electronics such as flexible batteries 

[8],  stretchable circuits [9], soft robot [10], electronic skin [11], supercapacitor [12], and flexible 

sensors [13]. Specifically flexible and stretchable strain sensor has attracted extensive attention 

from the researchers working in different areas such as smart healthcare monitoring [14], human-

machine interface and entertainment control [15]. Due to high and efficiency mechanical 

deformation-electrical signal conversion, flexible and stretchable strain sensor can easily be 

employed to detect human motion, real-time health care monitoring and human-machine 

interaction. Flexible and stretchable strain sensors are fabricated from soft and flexible sensing 

and substrate materials composed with stretchable elastomers [16]. An ideal strain sensor must 

meet some relevant requirements such as high efficiency, high sensitivity, large stretchability 

(Gauge factor), fast response and recovery, reliable durability, linearity and low hysteresis [17]. 

From the requirement mentioned, high sensitivity is the most important factor in various 

applications such as human motion detection. Additionally, robust and conformal environmental 

stability of the strain sensor should be enough to withstand daily human activities. Exponential 

progress have been made for fabrication of strain sensor. Various conductive materials have been 

studied in order to fabricate high sensitivity and stretchability strain sensor such materials are 

carbon nanotubes [18], carbon black [19], metal nanowires [20], metal nanoparticles [21], and 

graphene [22]. However, it’s challenge to develop an appropriate process of fabricating strain 

sensor with high sensitivity, excellent stretchability and required durability. Moreover, a sensing 

materials with zero dimension or one unit morphology is typically subject to its own structural 

properties and cannot be able to take both sensitivity and stretchability concurrently, this due to 

their low aspect rations as such they exhibited low sensitivities and sensing range [23]. For 

instance, Park et al. reported the fabrication of strain sensor based on silver nanoparticles thin film 

which is patterned on polydimethylsiloxane (PDMS); the sensor exhibited a maximum gauge 

factor (GF) of 2.05 at a maximum strain of 20 % [21]. Correspondingly, one-dimensional materials 

exhibit substantial stretchability and relatively wide strain sensing range [24].        
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2.2 MXene: New 2D Material 

A newly ancestry of transitional metal carbide, compound of nitrogen (nitride) or carbon nitride in 

2D form is called MXene. It is rich in surface functional groups with excellent ion exchange and 

hydrophilic properties. Due to its functional and mechanical property closeness to graphene, 

coupled with its unique electrochemistry, physicochemical and outstanding mechanical 

performance, MXene has recently attracted attention in forming functional nanocomposites by 

combining them with a wide range of organic and inorganic materials [25]. The innovative work 

done over many years on the study and development of 2D materials has contributed to the growth 

of MXene-related research. This surge has resulted in a constantly expanding MXene family, more 

fundamental science on their chemistry and physics being discovered, and many more applications 

being demonstrated or proposed. Researchers at Drexel University first identified MXene in 2011 

as 2D transitional metal-carbides, nitrides, and carbon nitrides that were created by carefully 

removing out the A-group elements usually aluminum from the 3D structured MAX phase. Figure 

1 highlights the group of elements of the periodic table that make up this precursor material [26]. 

The usual formula is Mn+1AXn, where M stands for transitional metal ( scandium, titanium, or 

vanadium) whereas an elements from groups 3A and 4A (like Al, Ga, Ge, or Si) is represented by 

A. X is either carbon or nitrogen, with n = 1, 2, and 3 [27]. Due of their high surface energy, 

MXenes frequently have their surfaces discontinued during the etching process with fluorine (-F), 

hydroxide (-OH), and oxygen (-O) groups. Consequently, MXene's final chemical formula is 

Mn+1XnTx, wherein Tx stands for the reactive groups [28]. MXene basically has three structures 

(M2XTx, M3X2Tx, and M4X3Tx) which are all derived from selectively etching their corresponding 

MAX phases [29]. 

A wide range of unique properties which relate to magnetic, mechanical [30], electrochemical [31], 

optical, electronic [32] and thermoelectric [33] properties have all been discovered from this large 

family of MXenes. Other beneficial characteristics include their hydrophilicity, high surface area, 

tunable surface chemistry and high atomic number [34]. These fascinating properties and 

characteristics unlock many possibilities of using MXene in various applications including sensors 

[35], energy storage [36] electromagnetic interference shielding [37], flame retardancy [38], 

biomaterial [39], 3D printing [40] to mention but a few. Among these areas of application, MXene-
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based polymer nanocomposites as flexible strain sensors [41] and energy storage [42] gained much 

attention, and as such, the area is fast developing. 

 

Figure 1. MAX phase and MXene production elements are shown in the periodic chart [26]. 

2.3 Strain Sensors based on MXene/Polymer nanocomposites  

MXene /polymer flexible and stretchable strain sensor with venerable electrical conductivity and 

excellent mechanical properties are the cutting edge of next-generation wearable electronics and 

supercapacitors [43]. These sensors converted the tensile strain into electrical signals output. When 

an external force is applied, the internal networks of conductive material crack, causing a change 

in electrical properties [43]. Numerous studies have been conducted to enhance the performance 

matrices of flexible strain sensors based on MXene incorporated with polymer composites, 

including sensitivity, stretchability, and stability. For example, Lu et al. [44] demonstrated the 

fabrication MXene-based hydrogel flexible strain sensor. Ti3C2TX-MXene was composited with 

poly (vinyl alcohol) incorporated with polyvinyl pyrrolidone (PVP) multilayered matrix 

hydrogels. As-fabricated sensor shows high stretchability up to 2400 %, excellent stress and 

toughness. This confirm the robust interaction among poly (vinyl alcohol) and its chains attractive 

force which endowed the hydrogel. A strain sensor [45] was prepared with micro-crack structure 

by applying a pre-stretching treatment to the nonwoven fabric. A sensing range of 83 % with gauge 

factor of 3405 and detection threshold of 0.1 % were achieved. A stable sensing behavior, short 
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recovery time and long-term sensing stability was displayed using different strain levels. A 

synthesis and crosslinked MXene (Ti3C2) with sodium alginate and acrylamide to fabricate a 

double network hydrogel flexible strain sensor [46]. The obtained strain sensor exhibited tensile 

properties (3150%), Young’s module of 2.03 kPa-1, high tensile sensitivity (GF = 18.15). Yang et 

al. [47] developed versatile strain sensor based on a matrix structure MXene incorporated with 

polyurethane mat. Figure 2 (a‒d) show preparation of polyurethane/MXene strain sensor, digital 

image of polyurethane/MXene strain sensor, SEM micrographs of polyurethane/MXene with 

interconnecting structure, and shriveled structure respectively. The polyurethane mat stucture was 

synthesized using a simple and efficient electrospinning technology. To fabricate the strain sensor, 

the conducting MXene sheet was adhered to the matrix structured-P using electrostatic contact. 

The resultant strain sensor exhibited high sensitivity of 228, limitation of detection (0.1%) and 

good stability. A strain sensor [48] fabricated by modifying Ti3C2 MXenes and amino 

poly(dimethyl siloxane) using tiny biological molecules through esterification process. Due to the 

homogeneous dispersion of the modified MXenes, the composite exhibited good electrical 

conductivity, remarkable tensile characteristics, because several chemical bonds and amine bonds 

are reversible, high efficient self-healing can occur without the requirement for outside stimulus.   

 

Figure 2. (a) Preparation of polyurethane/MXene strain sensor, (b) digital image of polyurethane/MXene strain 

sensor, (c,d) SEM micrographs of polyurethane/MXene with interconnecting structure, and shriveled structure 

respectively [47]. 



12 
 

An experiment [49] demonstrated the construction of a self-healable nanostructure MXene build 

in with rubber based elastomer for strain sensor. Here, the MXene were modified with serine to 

construct bonding interface through esterification reaction. The bonding facilitated the formation 

of the nanostructured conductive network. The resultant MXene/rubber strain sensor showed a 

high sensitivity (GF= 107.43), a low limitation (0.1 %), responsiveness of 50 ms and toughness 

recovering of 12.34 MJ m-3. Seyedin et al. [50] fabricated Ti3C2TX-MXene/ polyurethane strain 

sensor by a wet-spinning technique using acetic acid and isopropanol  as coagulating agents. The 

obtained MXene/polyurethane strain sensor displayed high electrical conductivity of MXene and 

satisfied stretchability of polyurethane. 

Expanding the interlayer gap, conductive polymer such as polypyrrole was intercalated into 

multilayer or monolayer MXene nanosheets; the modified sheets produced high capacitance values 

and outstanding cycle performance. High performance polymer/MXene nanocomposites require 

the use of functional MXenes in conjunction with the polymers for further improved physical 

qualities [51]. In the recent years, it has proven that hybridizing nanofillers results in synergism in 

the desired properties of the end product. For instant, 2D nanomaterials tend to restack within the 

polymeric matrix due to the van der Waals forces resulted from its large surface area. Upon adding 

other geometrical nanofiller‒ such as 0D and 1 D ‒ into polymer/2D material, it enhances the 

dispersion quality and enhance functional and mechanical properties of final composite materials 

[52]. In this paragraph, our focus is on carbon nanotubes as a synergistic 1D nanofiller for MXene 

since they are one of the most famous and common carbon allotropes. CNTs, which are a highly 

conductive 1D material, not only guarantee the flexibility of MXene sheets but also inhibit 

restacking and facilitate ion transport within the MXene flakes. Additionally, the insertion of CNTs 

to the rolled film electrodes of delaminated Ti3C2 MXene has demonstrated to enhance the 

capacitance performance in the electrolyte [53]. These features of conductive polymers and CNTs 

are proving to be suitable for fabricating flexible strain sensor and supercapacitors as discussed 

below. 

Spray coating technique was employed to synthesis highly flexible strain sensor using Ti3C2TX 

MXene and CNT as conductive phase [54] (Figure 3a). Delaminated Ti3C2TX MXene flakes 

suspension was spray-coated onto the latex to formed thin continuous layer of MXene flakes, 

thereby drying using nitrogen gas gun. Furthermore, CNT layer was dispersed using the same 
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technique onto the top of the layered MXene flask. Figure 3b demonstrates the Tyndall effect of 

the MXene and CNT colloidal solutions, revealing their good dispersion property, which is 

advantageous for producing homogenous films. Additionally, Figure 3 (c, d) show the transmission 

electron microscope (TEM) images of MXene flake and water‒soluble SWCNTs. The MXene 

flakes lateral dimension is varying from several millimeter to countless nanometers. Figure 3e 

shows the photograph of the strain sensor at resting stage and after stretching up to 100 % and 200 

%. The fabricated sensor shows high GF of 772.6 (Figure 4a), high stretchability of 130 %, tunable 

sensing ranges from 30 % to 130 %, thin dimension of less 2 m, and stability with 5000 cycles. 

Multi-cycle test in resistance variation was performed at applied strain of 5, 10, 20 and 50 % 

respectively (Figure 4b). Moreover, the fabricated sensor has the tendency to detect smaller as well 

as larger deformation with high limit of detection of 0.1% (Figure 4c). Figure 4d presents the strain 

sensor’s equivalent resistivity performance at various frequencies. 

 

Figure 3. (a) Schematic illustrating synthesis of MXene incorporated with CNT layer; (b) Tyndall effect of MXene 

and SWNT suspension, (c,d) TEM images micrograph of MXene And SWNT, respectively, (e) strain sensor at 

different percentages  [54]. 
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Figure 4. (a) Relative resistance-strain curve; (b) resistance variation, (c) resistance response, (d) resistance 

response at various frequencies, (e) resistance with strain as a function of time, (f) durability test [54].  
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CHAPTER 3 

EXPERIMENTS AND METHODOLOGY 

3.1. Materials 

The Ti3AlC2 MAX phase powder (90%) with a particle size of ≤ 40 μm was purchased from Sigma-

Aldrich Inc. (USA). The multi-walled carbon nanotube (MWCNT, >95% carbon basis) with an 

outer diameter of L: 10-40 nm x 0.5-1.5 mm was kindly supplied by Sigma-Aldrich Inc. (USA). 

Lithium fluoride (LF, 99.95% purity, size ˂ 100 μm) was provided by Nanografi Nano Technology 

Co., Ltd. (Turkey). Hexadecyltrimethylammonium bromide (CTAB, 98% purity) was purchased 

from Sigma-Aldrich Inc. (USA). Hydrochloric acid (HCl, 37%) and chloroform (99.8%, amylene 

stabilized) were obtained from Sigma-Aldrich Inc. (USA). Ethanol (99.9 GC) was also purchased 

from Sigma-Aldrich Inc. (USA). Ecoflex 00-50 MRW 1A:1B was supplied by Smooth-on Co. 

(USA). The filter membrane (0.45 μm diameter, 47 mm) was purchased from Whatman, plc. (UK). 

3.2. Synthesis of MXene  

MXene was synthesised using fluoride-based salt etchant [55]. Briefly, 1 g of LiF was added into 

10 mL of HCl and continuously stirring until was completely dissolved. A total of 1 g Ti3AlC2 

MXene-precursor powder was slowly added over a period of 5 min. The reaction was allowed to 

run under continuous magnetic stirring for 24 h at room temperature. Then, the acidic mixture was 

washed with distilled water through centrifugation technique using 50 mL centrifuge tube at 3500 

rpm. The washing process was continued till reaching pH value between 4‒5. The colloidal 

suspension was filtered and dried in a fan oven overnight at 60 °C. Figure 5 present the schematic 

representation of MXene synthesis.   
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Figure 5. Schematic representation of MXene synthesis. 

 

3.3. Modification of MWCNTs and preparation of Ti3C2Tx-MXene/m-

MWCNTs 

MWCNT was modified using CTAB [56]. 0.7 g of CTAB was dissolved in 10 mL of distilled 

water. Then, 1 g of MWCNTs was added to the mixture. The mixture was sonicated in a water 

bath for 1 h below room temperature to produce modified m-MWCNTs. The resulting mixture was 

then filtered and vacuum-dried for 2 h at 60 °C. Figure 6 displays a schematic representation of 

the modification of MWCNTs. 

 

Figure 6. Representation of modification of MWCNTs. 
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Firstly, m-MWCNTs suspension was prepared by dispersion into CTAB solution (mass ratio 2:1). 

The solution was sonicated for 1 h. Then, MXene solution was prepared by dispersing MXene 

powder into 10 mL of deionized water and sonicated for 1 h. The m-MWCNTs suspension and 

MXene solution was mixed and sonicated for 1 h together with in different weight ratio (1:1, 2:1, 

1:2). Figure 7 presented the schematic diagram of preparation of MXene/m-MWCNTs.  

 

Figure 7.Schematic representation of preparation of MXene/m-MWCNTs composite. 

 

3.4. Fabrications of m-MWCNT/MXene/Ecoflex composite strain sensor. 

Strain sensor was fabricated by direct deposition method (Figure 8). Firstly, sample A was 

fabricated by using MXene and Ecoflex only. The two parts (A and B) of Ecoflex were mixed 

together in a 1:1 mass ratio, with a total mass of 10 g, and stirred for 5 min. Then, 0.4 g of MXene 

were directly dispersed into the Ecoflex mixture and stirred well for approximately 10 min until 

fully homogenized. Air bubbles were removed by placing the solution in vacuum until the solution 

was fully degassed (10 min). At this stage, two methods were used. One method involved using a 

mold with dimensions of 3 cm × 1.5 cm × 2 cm to pour the solution into the mold, while wire 

electrodes were attached to both sides. The composite was left for 4 h at room temperature until it 

was fully cured and then peeled off from the mold. The thickness of the sample is 0.13 mm. The 

second approach is using slurry cast method. The composite was poured onto a casting glass, and 

a doctor blade was used to spread it and form a film. The prepared composite was then left to cure 

at room temperature for 4 h until fully cured. The desired size was cut, and wire electrodes were 

attached to both sides with the help of silver paste. Similar approach was used to prepare Ecoflex/ 

MXene/MWCNT composite. For the preparation of MXene/m-MWCNTs/Ecoflex, 0.3 g of both 
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MXene and m-MWCNTs were used to prepare the composite. Whereas, the two parts (A and B) 

of Ecoflex were mixed together in a 1:1 mass ratio, with a total mass of 10 g. 

 

Figure 8. Fabrication of a strain sensor sample using m-MWCNT/Ecoflex. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Chemical morphology and microstructure  

The X-ray diffraction (XRD) technique was employed to analyze the crystal structure of the 

MXene and MWCNTs. The XRD measurements were conducted using a Rigaku Smart lab XRD 

machine, as shown in Figure 9a, the X-ray diffraction patterns for MXene, MWCNTs, and m-

MWCNTs. The MXene sample demonstrates a diffraction peak at a 2θ value of 18.5, which is 

attributed to the spatial distance between its basal planes in the (002) crystallographic orientation. 

Both the MWCNTs and m-MWCNTs exhibit distinctive diffraction patterns at a 2θ value of 26, 

which can be attributed to the presence of carbon atoms in the (002) plane [57]. MXene/m-

MWCNT shows small peak at 29.8°. The primary bonding mechanism in the MXene/m-MWCNTs 

composite is attributed to the carbon structure derived from the modified MWCNTs. The 

significant reduction in C-Ti-O bonds serves as confirmation that the MWCNTs have been fully 

incorporated into the MXene, while the majority of the chemical structure of the MXene sheet 

remains unchanged [57]. The chemical functional groups of MXene and multi-walled carbon 

nanotubes were examined and identified using Fourier transform infrared (FTIR) spectroscopy. In 

Figure 9b, by analyzing the FTIR spectra, it was discovered that MXene exhibited two specific 

bands at 3365 cm−1 and 1620 cm−1, which are indicative of the presence of -OH and -C=O 

functional groups, respectively. MWCNT displayed bands at 3450 cm−1 and 1520 cm−1. 

Morphology of the MWCNT and MXene were studied using scanning electron microscope (SEM) 

JSM-IT200 (LA). Figure 10a shows micrograph of the MAX phase powder. In Figure 10b, SEM 

micrograph of synthesized MXene presented in layered structure confirming that Al element layer 

was successfully removed from MAX phase. In Figure 10c, shows SEM image of MWCNTs 

confirming that the structure is in sponge like material. Figure 10d displays an SEM image of m-

MWCNTs with traces of CTAB, showing full subjugation. Concurrently, Figure 10e shows an 

SEM image of MXene/m-MWCNTs, revealing complete coverage and bonding of MXene into m-

MWCNTs. 
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Figure 9. (a) XRD pattern of MXene, MWCNT and MXene/MWCNT, (b) FTIR Spectra of MXene, MWCNT and 

MXene/MWCNT. 

 

 

 

Figure 10. SEM images: (a) MAX phase powder; (b) MXene nanosheet, (c) MWCNT, (d) m-MWCNT, (f) 

MXene/MWCNT. 
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4.2. Mechanical measurements 

In order to study the mechanical strength, three sample were prepare in this order; Ecoflex only, 

MXene/Ecoflex, and MXene/m-MWCNT/Ecoflex. The test was carried out using universal tensile 

testing machine as shown in setup in Figure 11. 

 

Figure 11. Mechanical measurement setup. 

 

The relationship between stress and strain within the elastic region can be described as nearly 

linear. As shown in Figure 12, the combination of MXene/m-MWCNT and MXene demonstrates 

excellent mechanical strength compared to pure Ecoflex. The MXene/m-MWCNTs recorded a 

tensile strength of 16 MPa, slightly higher than MXene at 15.4 MPa, while pure Ecoflex exhibited 

a tensile strength of 9.7 MPa. Furthermore, the breaking load of the MXene/m-MWCNTs 

composite was measured at 280 N. This suggests that the breaking load and elongation increase as 

the content of MXene/m-MWCNT increases, until the amount reaches a certain destructive level 

of the Ecoflex. The significant enhancement in tensile stress and strain is attributed to the MXene 

structure and the effective integration of m-MWCNTs. Although m-MWCNTs generate frictional 

force that could potentially hinder tensile strength, the layered structure of MXene promotes an 

increase in surface contact area between layers, which helps to enhance the tensile properties. 
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Figure 12. Mechanical properties of MXene/m-MWCNT/Ecoflex: tensile strength. 

 

4.3. Electromechanical performance of MXene-based composites  

The resistance of a strain sensor refers to how easily electrical current flows through its conductive 

component when it is subjected to strain. When a strain sensor is stretched or compressed, its 

conductive element experiences a change in resistance, which can be measured and used to 

determine the degree of strain or deformation that the material or structure is undergoing. The 

gauge factor (GF) defines the sensitivity of a strain sensor, and it can be determined using the 

following equation:  

 𝐺𝐹 =

𝛥𝑅

𝑅𝑜

𝜀
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 𝜀 =  
𝛥𝐿

𝐿𝑜
 

Where ΔR represents the change in resistance from Ro to R due to deformation; Ro and R are the 

initial and final resistances, respectively. The value ε denotes the applied strain; ΔL represents the 

variation in the length of the material upon a strain; and Lo represents the initial or original length 

of a material. 

The testing setup is shown in Figure 13. The strain sensor was clamped between the stationary bar 

and horizontal movable part of the linear motor device. The linear motor was connected to the PC 

and manipulated using LinMot application software. The two electrode wires of the strain sensor 

was then connected to Keithley source meter integrated with triple power source. The resistivity 

change was recorded using KickStart application software. 

 

Figure 13. Electromechanical station to test strain sensitivity of Ecoflex/MXene/MWCNTs composite. 

 

To study the sensitivity and stretchability performance of the MXene and m-MWCNTs strain 

sensor, two different sample with (MXene, and MXene /m-MWCNTs) were fabricated and tested 

within strain range of 0-60% as shown in Figure 14. The resistance-strain curve of the MXene/m-

MWCNTs strain sensor indicates that it possesses a wide and adjustable range of sensitivity with 
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gauge factor (GF) of 7. This range can be modified by varying the concentration and weight 

percentage of both the MXene and m-MWCNTs employed in the sensor. Similarly, Table 1 

presents strain sensor made for different material with their gauge factor as compared to this work. 

For sample with MXene only, the gauge factor (GF) is calculated to be at 3.87. 

There are various reasons for the variation in gauge factor observed between MWCNT and 

MXene-based strain sensors. A notable explanation is the higher aspect ratio of MWCNTs relative 

to MXenes. This aspect facilitates their alignment with the direction of the applied strain, causing 

a more pronounced change in electrical resistance per unit strain, ultimately resulting in a higher 

gauge factor. Also, the mechanical characteristics of MWCNTs and MXenes are responsible for 

the variation in GF observed in strain sensors produced from these materials. MWCNTs exhibit a 

higher Young's modulus, enabling them to withstand greater strains without breaking. In contrast, 

MXenes are more prone to cracking under strain due to their brittle nature, which can have a 

detrimental effect on the performance of the strain sensor. Additionally, the electrical conductivity 

of MWCNTs exceeds that of MXenes, resulting in reduced electrical noise and enhanced detection 

of changes in electrical resistance. This ultimately yields a higher GF. 

Additionally, MXene/MWCNT based strain sensors demonstrate a higher GF compared to 

MXene-based ones due to MWCNTs' greater aspect ratio, improved mechanical properties, and 

higher electrical conductivity. 
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Figure 14. Relative resistance-strain curve within 0-60%  strain of MXene, and MXene/m-MWCNTs. 

 

 

Table 1.comparison of strain sensor made from different materials 

Material Used Gauge Factor (GF)  Ref 

Air-laid paper/MXene 1-2.58 [58] 

MXene/Polyaniline 46 [59] 

Chitason/Polyacrylamide hydrogel based 1.65 [60] 

PDMS Supramolecular/MXene 3.6 [48] 

Polyethylene/MWCNT 7.6 [61] 

Polyurethane/MWCNT 7 [62] 

Ecoflex/AgNWs 0.7 [63] 

Paper/MXene 17.4 [64] 

Cotton fabric/MXene 4.11 [65] 

Coated-MXene/cotton fabric 7.6 [66] 

MXene/nanowires 5.2 [67] 

MXene /m-MWCNTs  7 This work 
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Figure 15a show MXene /m-MWCNTs strain sensor stretched at 10% strain with different 

frequencies (0.01 Hz, 0.05 Hz, 0.1 Hz, 0.2 Hz and 1 Hz). The strain sensor seems to be able to 

maintain stability and respond dynamically to changes in frequency, as shown by the results 

presented by the data graph. This might come as a result of the Ecoflex, m-MWCNTs, and MXene 

having a strong bonding. Thus, the amplitude modulation of the electrical signal was nearly 

proportional to the increase in frequency. In Figure 15b, the MXene/m-MWCNT strain sensor was 

tested for changes in relative resistance under a 30% with frequency of 1 Hz strain at displacement 

rates of 0.0025 m/s, 0.005 m/s, and 0.007 m/s. It was found that as the rate of displacement 

increased, a stable and uniform peak value was detected. This suggests that the sensor's response 

remained constant regardless of the change in displacement. Strain values of 15%, 30%, and 45% 

were used to demonstrate the frequency response as shown in Figure 15c, indicating that the 

sensor's response to the cyclic tensile test was dependable and consistent, the response as well as 

recovery of each signal tested had comparable shapes and magnitudes. 

 

 Figure 15. (a) MXene /m-MWCNTs strain sensor stretched at 10% strain with different frequencies (0.01 Hz, 0.05 

Hz, 0.1 Hz, 0.2 Hz, and 1 Hz); (b) MXene /m-MWCNTs strain sensor stretched at 30% strain with different 

displacement rate (0.0025 m/s, 0.005 m/s, and 7 m/s),  (c) MXene /m-MWCNTs strain sensor stretched at 15%, 

30% and 45% strain. 
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To assess the durability and electromechanical response of the MXene/m-MWCNTs strain sensor, 

we obtained data by subjecting it to 10% strain for 1000 stretching and releasing cycles at a 

frequency of 1 Hz. The magnified insets in Figure 16 show the first 5 cycles, 5 cycles in the middle, 

and the last 5 cycles. The resistance remained constant with good reproducibility during the first 

5 cycles, indicating excellent fatigue resistance of the sensor. Similarly, the sensor displayed nearly 

identical sensing signals during the 5 cycles in the middle and the last 5 cycles, suggesting that it 

can withstand fatigue, making it suitable for wearable device applications. 

 

 Figure 16. Cyclic tensile test for MXene/m-MWCNTs strain sensor at 10 % strain. 

 

4.4. Real-Time Application human movement 

The MXene/m-MWCNTs strain sensor exhibits excellent sensing performance, including good 

sensitivity, a wide sensing range, an extremely quick response, and outstanding cycle stability. 

This makes it possible to utilize the sensor as a wearable device to instantaneously monitor various 

motions of the human body. For instance, Figure 17a, b shows digital photograph of finger bending 

and the variations in electrical signals produced by the finger-mounted MXene/m-MWCNTs strain 
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sensor. When the finger is bent, the resistance of our MXene/m-MWCNTs sensor rises sharply 

and instantly. Once the joint is relaxed, the sensor's resistance returns to its initial value, 

demonstrating its efficiency in tracking various human movements. Moreover, when the sensor 

was mounted on the hand, wrist, and knee joints, it immediately displayed reliable electrical signals 

for bending motions of the joints as shown in Figure 17c, d, e and f, with respective digital 

photographs. This demonstrates the enormous potential of the MXene/m-MWCNTs sensor for use 

in assessing human health. 

 

 

 

Figure 17. Detecting human body motion using MXene /m-MWCNTs strain sensor: (a) Digital photograph 

of finger bending; (b) finger bending graph, (c) Digital photograph of hand wrist motion, (d) Hand wrist 

motion graph, (e) Digital photograph of Knee bending movement, (f) Knee bending graph. 
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CHAPTER 5 

 

Conclusions 

A flexible strain sensor was constructed using conductive materials and elastomers. Firstly, general 

concept of sensors has been studied and presented. Sensors can be categorized based on their 

characteristics, materials being used or measured (physical and chemical), and can also be 

categorized as active or passive. Literature review was conducted and presented the approaches of 

fabrication of flexible strain sensor using different conductive materials. Moreover, in the 

experimental part we synthesized MXene using chemical etching approach to etch Al element 

layer from the MAX phase powder. Chemical morphology and microstructure of MXene sheets 

were examined using SEM, XRD, and FTIR. MWCNTs was modified by using CTAB in order to 

have good electrostatic bonding between MWCNTs and MXene. Samples with different mass 

contents (MXene, and MXene /m-MWCNTs) were fabricated and mechanically tested; MXene/m-

MWCNT recorded a tensile strength of 16 MPa. The strain sensitivity of Ecoflex/MXene 

composites was tested within strain range of 0-60%. The sensitivities (gauge factors) were found 

to be 3.87 for MXene, and 5.33 for MXene /m-MWCNTs. Additionally, MXene/m-MWCNTs 

strain sensor underwent 1000 stretching and releasing cycles at 10% strain. The sensor exhibited 

consistent performance. Moreover, examine the real-time application of the fabricated sensor, the 

motion of different part of human body were tested and excellent response were recorded. 
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