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ABSTRACT 
Developing a printed elastomeric wearable sensor with good conformity and proper adhesion to skin, coupled with the capability of monitoring various physiological parameters is very crucial for development point-of-care sensing devices with high precision and sensitivity. While there have been previous reports on the fabrication of elastomeric multifunctional sensors, research on the printable elastomeric multifunctional adhesive sensor is not very well explored. Herein, we report the development of a stencil printable multifunctional adhesive sensor fabricated in a solvent-free condition, which demonstrated the capability of having good contact with skin and its ability to function as a temperature and strain sensor.  Functionalized liquid isoprene rubber was selected as the matrix while carboxylated multi-walled carbon nanotubes were used as the nanofiller. The selection of the above model compounds facilitated the printability and also helped the same composition to demonstrate stretchability and adhesiveness. A realistic three dimensional microstructure (representative volume element model) was generated through a computational framework for the current carbon nanotube-liquid elastomer. Further computational simulations were performed to test and validate the correlation between electrical responses to that of experimental studies. Various physiological parameters like motion sensing, pulse, respiratory rate, and phonetics detection were detected by leveraging the electrically resistive nature of the sensor. This development route can be extended toward developing different innovative adhesives for point-of-care sensing applications. 
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INTRODUCTION
Electronic devices and their related research work have witnessed a massive changeover in recent years. Based on current trends, the technological focus of the researchers working in this domain is to develop intelligent electronic gadgets that can be connected wirelessly and have potential flexibility in terms of their form factor. Explicitly, there is a strong focus on developing customizable wearable and flexible devices. In addition, a wider level of awareness among the millennials to stay fit and active has also helped control the research dynamics of this particular field. One of the key components that helps in accurately monitoring the various active physiological parameters is by using a sensor capable of picking up several critical information about the wellbeing of an individual. Most of the sensors leveraged for such a purpose are metal sensors. These sensors lack human comfort due to low flexibility and poor conformity with the skin.1 In addition, the traditional sensors offer significantly less stretchability (magnitude in the order of 5%).2 Hence, it is not easy to use conventional sensors in soft skins and textiles-based tactile sensors.3 It can be reasonably inferred that there is a pressing need to develop a smart sensor technology that addresses the aforementioned technological challenge.4,5 One of the approaches that can be utilized to mitigate such impediments is via the usage of polymer nanocomposites. In terms of non-metallic nanofillers, different varieties of carbon-based nanofillers are the most popular choices for making such flexible polymer nanocomposites.6–9 Notably, carbon nanotubes (CNTs) have gained extensive attention due to their unique electrical properties, high intrinsic current mobility, mechanical flexibility, and high performance. Hence, they are widely used to prepare printed electronics devices.10  For instance, Lu et al. demonstrated the use of a co-continuous phase of carbon nanotubes/graphene in a waste silicone matrix to develop a polymer nanocomposites sensor to determine temperature and movement.11
In choosing the suitable polymer for the matrix, it is crucial to consider various parameters like the inherent flexibility of the polymer, conductivity, etc. For flexible electronic applications, conducting polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), and polyanilines (PANI) are commonly used due to their mechanical conductivity and electrochemical activity.12 These polymers are inherently flexible but lack elasticity. Hence, research has shifted towards elastomer-based nanocomposites to enhance electronics devices' stretchability. For instance, Lv et al. prepared a stretchable natural rubber/CNT-based nanocomposite that provides higher strain sensitivity with a gauge factor (GF) of 19.6 up to 150% strain.13   Costa et al. proposed a styrene butadiene styrene/CNT sensor that provides very high stretchability but low sensitivity.14 It can be suggested that there is demand for developing a multifunctional sensor that demonstrates good flexibility without compromising sensitivity. It is also equally important to understand the structure-property relationship for such materials. Recently the objective of the research community 15–17 has been the creation of new multifunctional materials with integrated mechanical, electrical, thermal, and application to high-performance wearable strain sensor. Numerous applications, such as nano-electronic devices, composites, chemical sensors, bio-sensors, and more are made possible by the mechanical and specific electronic characteristics of carbon nanotubes.18 Bauhofer et al. reviewed and summarized quite a large number of experimental as well as theoretical work on electrical percolation theory of CNT in polymer composites. They showed minimum percolation value and maximum conductivities mostly depend on polymer type and dispersion method, instead of type and production of CNT.19 Due to its extensive surface area, great electrical conductivity, superior mechanical strength, and good stability, CNTs seem promising as an immobilisation substance.20,21 Tserpes et al.  performed a study based on finite element analysis and Mori-Tanaka (M-T) Model to capture all three properties (elastic, thermal and electrical) of CNT/polymer multi-functional nanocomposites with respect to different parameters like quantity of CNTs, CNT’s aspect ratio, CNT’s curvature and interphase.22 Naskar et al. presented different spatial random microstructures for composites using an FEM-based computational study to investigate the manufacturing as well as environmental uncertainties which is later extended to nanocomposite.23,24 Mehvari et al. analyzed the electrical performance of copper/ polyurethane composite under pressure both experimentally and computationally.25 Tamayo-Vegas et al. presented two simulation models (resistor model and finite element model) to calculate the electrical conductivity and percolation threshold of CNT/epoxy nanocomposite.26 One of the several uses27,28  of polymer nanocomposites is the use of strain sensors made of nanotube-based polymers. Despite the aforementioned encouraging outcomes and developments, a fundamental knowledge of behavior in CNT/elastomeric nanocomposite on multifunctional sensor-based composite is still lacking, in large part because less attention has been put into these areas. Hence we have investigated the microstructure of carboxylated carbon nanotube (c-CNT) and functionalized liquid isoprene rubber (LIR)-based nanocomposite and further validated with the experimental study. 
Hitherto, it is noted that a few attempts have been made to develop elastomeric multifunctional sensors. However, all such previous attempts are limited to sensors that are thick and marginally conformable to miniaturized IoT devices. Additionally, it has been highlighted recently that hydrogel-based adhesive sensors demonstrated better sensing performance due to the excellent surface connection with the human skin.29 To the best of our knowledge, the elastomeric sensors reported in the literature are not adhesive in nature.  Typically, the sensors embedded in such devices are made using sophisticated technologies.30–32 However, of late printing technology is becoming a ubiquitous choice for many researchers due to the ease involved in the fabrication of the sensor.33 For instance, Khan et al. reported on developing flexible tactile sensors using a screen printable composite of polydimethylsiloxane and carbon nanotubes.34 Under the class of printing techniques, there are multiple possible ways, but one of the simplest techniques in an economical route to develop these sensors is leveraging a stencil printing technique.35 
The critical review of the available literature on experimental and computational investigations, as discussed above, clearly underlines the huge scope of further improvement in elastomer-based wearable sensors, which makes the basis of this work, wherein we have demonstrated the development of a stencil printable elastomeric nanocomposite adhesive based composition that can be used as a multifunctional sensor.  LIR with methyl ester of succinic acid functionality and c-CNT at different volume fraction was used as the model system. The percolation network formation of the filler inside the elastomeric matrix was probed via rheological, electrical, and computational studies. The developed composition demonstrated an adhesive behavior with its capability to bond to different substrates. The developed sensor could decipher any temperature change within the human-body temperature range and showed a sensitivity of 0.347 %/℃.  The adhesive sensor was instrumental in responding to external strain (large and small) and was also capable of detecting human pulse, sound, and phonetics. This makes the developed adhesive sensor unique and different from the traditional elastomeric multifunctional sensor reported in the literature.   


RESULTS AND DISCUSSION 
[image: ]Fabrication of Sensor and Rheological Studies. c-CNT and LIR were selected as the model filler and the polymer for the fabrication of the multifunctional sensor. Scheme 1 represents the process map for the fabrication of the functional ink intended to be utilized to develop the multifunctional ink having no crosslinker in the formulation. It is conjectured that the presence of the carboxylic group on the surface of the filler would assist in better dispersion of the filler in the polymer matrix. In the study window, different volume fractions of filler were utilized ((vol %); φ = 0.13, 0.30, 0.42, 0.54, 0.59, and 0.68). The different samples were prepared with the various volume fraction of the fillers. As shown in Scheme 1, the c-CNT and the LIR were hand-mixed (30 minutes) to effectively wet the filler by the LIR chains. The hand-mixed samples were put in a planetary centrifugal mixing (bladeless mixer). The mixed samples were further subjected to defoaming to ascertain that all the dissolved/entrapped air was released and a uniform composite was developed. The mixing and the defoaming time used for the composite preparation were 10 and 5 minutes, respectively. The developed nanocomposite inks were printed over polyethylene terephthalate (PET) using a stencil printing technique. The sensors so made were heated for 2 hours at 60 oC in a heating oven for further characterization of the sensors.
Scheme 1. Schematic representation of the development of c-CNT and LIR-based nanocomposite inks prepared using a planetary centrifugal mixing technique. The developed nanocomposite inks were further printed over PET to evaluate various properties.  
Strain amplitude sweep experiments were performed to get an idea about the rheological characteristics of the developed nanocomposite inks. A strain amplitude sweep test was conducted on various samples using parallel plate geometry (diameter = 25mm) at an inter-plate gap of 1mm using MCR-301 (Anton-Paar) rheometer. In a typical run, an oscillatory strain field ()   was imposed on the samples with increasing strain amplitude ()  at a fixed frequency (f= 0.1Hz) to obtain storage and loss moduli () as a function of . The samples observed no noticeable rupture in a relatively low strain range,manifested by a plateau, which we have termed as plateau modulus,  We have obtained such  as a function of volume fraction to obtain a rough estimate of the percolation threshold using the relation: , wherein is the rheological percolation threshold (in terms of volume fraction), and is the power law exponent. Figure 1a shows dynamic moduli as a function of shear strain amplitude ()  for different volume fractions. As expected, the plateau modulus shifted to a higher level with increased volume fraction of nanofiller (c-CNT). Figure 1b shows plateau modulus () as a function of . The experimental data were fitted using the relation:  , and is shown by the solid lines in Figure 1b. The values for   ,  and   were obtained from the fitting, respectively. 
Electrical Property Evaluation via Experimental and Computational Simulation. The working principle of the developed sensors is resistive type. The magnitude of change in the resistance is correlated with the various detecting behaviour under the influence of external stimuli. Thus, it is essential to assess the electrical performance of the sensors in detail. Firstly, a computational simulation was performed to predict the sensors' electrical conductivity behaviour and is shown in Figure 1c. Because finite element models (FEM) have more user-friendly interfaces and are more widely used than analytical models, computational techniques like these have gained popularity and is used in this case. To carry out this finite element-based simulation, we have generated three-dimensional realistic representative volume element (RVE) of cubic shape, which comprises a functionalized LIR with varying amounts of c-CNT. The two-phase composites that were composed of filler matrix and inclusions were taken into consideration throughout the studies that proceeded. The Digimat MF Material Modeler was utilized to prepare the RVE models. Figure S1 shows the detailed RVE mesh generation at 0.42 volume fraction for  c-CNT
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Figure 1. (a) Storage modulus as a function of strain amplitude () at a fixed frequency (f= 0.1 Hz) for different volume fractions of c-CNT (from top to bottom, φ = 0.13, 0.30, 0.42, 0.54, and 0.68) in LIR matrix (b) G' plateau value as a function of weight fraction for different types of c-CNT. The solid lines fit the experimental data using the relation:    (c) electrical conductivity of the stencil printed samples prepared using various volume fractions of filler, measured using two probe electrical conductivity method and conductivity results obtained from computational simulation studies. Inset of Figure 1c shows the RVE at 0.42 volume fraction of c-CNT. 
and LIR-based nanocomposite. The quantity of nanofillers was combined for each sample in accordance with the volume calculation based on the weight fraction. A random distribution of c-CNTs is depicted in the matrix (LIR matrix’s visibility was hidden for better visualization) at three different volume fractions, which are 0.001 (Figure S2a), 0.01 (Figure S2b), and 0.42 (inset of Figure 1c), respectively. Here electrical responses (conductivity) were achieved through electrical conductive paths formed between adjacent c-CNTs, dispersed in the electrically insulative matrix after a certain volume fraction. The adaptive size of the cubic RVE was varied according to the following relation (Equation 1)22,36
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Here the inclusion phase i.e., c-CNTs were modeled as straight and solid cylindrical fillers of length  and diameter .  is the side length of RVE and is the respective volume fraction of c-CNT. The c-CNTs have been distributed randomly in RVE-based one iterative algorithm at different volume fractions. A perfect bonding with matrix LIR was considered for c-CNT with no agglomeration and interpenetrations. Besides electrical loading, periodic boundary conditions were imposed on all the six faces of RVE, ensuring the flux of electric potential to be periodic to two opposite RVE faces. A system with  nanotubes,  connections between them, and conductive faces are shown in the matrix form in Figure S2c which can be represented as . The first element and the last are already set to the electrical potentials of the two conducting faces and  denotes the electrical potential of the c-CNTs as shown in Figure S2c. Except for the first and last elements, which are already set to the applied electrical potentials of the two faces, the matrix  is null. The resistivity of each c-CNT that is only a member of the network is determined by the matrix , which depends on the minimal junction distances as shown in the Equation 2(a)37,38 
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where  is the length of the c-CNT from nodes  to ,  is the diameter and  is the intrinsic electrical conductivity. Equation 2b and 2c give the formulation for calculating the resistivity and conductivity .38-40 Here effective conductivity is denoted by  and , are the applied voltages on the conductive RVE faces as shown in Figure S2c. Equation 2c gives the value for effective electrical conductivity which is denoted by . Here we applied a ramp electrical load (uniaxial voltage gradient) with the peck of 25 kV to the RVE in its Z direction across two electrodes for calculating the density maps and effective conductivity. Isotropic material properties were incorporated for both phases to calculate electrical conductivity and are summarized in Table S1.
In the present study, c-CNTs were set to a fixed aspect ratio of 20 and diameter of 18 nm.22,41 To analyze the electrical properties of RVE, it is necessary to mesh the RVE. To mitigate the issue of high computational time and get reliable results, the non-conforming voxel elements with a total of 125000 elements were used during meshing. The calculation of conductivity can be traced back to the following Equation 3 (Ohm’s law and conductivity relation):
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where and represent the resulting current through c-CNT/LIR RVE and the applied voltage to the terminal, respectively. 
The observations made in the computational simulation studies agreed with the experimental findings.  In the study window, it was observed that the electrical conductivity of the printed sensors changed drastically above a particular concentration of c-CNT loading in the electrically insulating matrix of LIR. This specific concentration (φc) in which such a drastic change in the electrical conductivity is noted is commonly referred to as the electrical percolation threshold.42 A continuous network of fillers is formed at the percolation threshold regime, thereby rendering the printed sensors to demonstrate an electrically conductive behavior.43     
Figure 1c describes the increasing trend in the electrical conductivity with increasing c-CNT volume concentration. A marginal increment in the electrical conductivity was noted when the volume fraction of c-CNT was increased from 0.12 to 0.3. However, increasing the filler volume concentration from 0.3 to 0.42 showcased a prominent jump in the electrical conductivity. The percolation threshold was found between 0.3 and 0.42 filler volume fraction. It is worth mentioning that the φc value is significantly lower than many of the reported values in the literature and is shown in Table S2.44 Such an observation is in line with findings made from the rheological studies.
It is worth mentioning that in the electrical study, the percolation is achieved when the c-CNTs forms a denser network and gets connected to each other. However, in the rheological studies, the critical volume fraction corresponding to the percolation is attributed to the filler concentration at which the mobility of the polymer chains is impeded. Hence, in most of the cases, the percolation threshold obtained from rheological studies are lower than that of the ones obtained from electrical studies. Similar observation has been reported by Hu et al. (https://doi.org/10.1016/j.polymer.2005.11.028). Further increase in the volume fraction of the c-CNT resulted in exponential growth of the conductivity.  Such exponential growth can be explained in terms of the power law model. Equation 4 was used to determine the power-law behavior:
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Where σ,  and a are electrical conductivity, volume fraction of filler, critical filler volume fraction at the percolation, and the critical exponent. The critical exponent parameter provides information about the filler network's dimensionality (2D or 3D). Theoretically, random distribution of fillers demonstrates critical exponent values between 1.1 and 1.3 for a 2D percolation, whereas a magnitude in the range of 1.6 to 2 designates a 3D percolation network.45 As shown in Figure S3, a linear fit was noted when the logarithmic value of conductivity was plotted against log  . The calculated value of the critical exponent from the linear fit of the experimental data was 3.12. A similar treatment was done on the conductivity values obtained from computational studies. The critical value obtained from computational study was 2.63.  It suggests the formation of a 3D percolation network in the nanocomposite. In general, a wide range of critical exponent values ranging between 0.9 to 7.6 is reported for CNT-based systems. 19A higher critical exponent value indicates higher dispersion and formation of a good contacting phase between c-CNT and LIR.  The value for the critical exponent as obtained from both studies indicates about the formation of 3-dimensional filler network. Hence, it can be unequivocally suggested that there was strong correlation between the modeling and the experimental studies.
It is worth mentioning that the reason for the marginal differences arising between the conductivity results obtained from the experimental and the computational simulation studies can be ascribed to the following points (a) interphase and agglomeration are not considered. (b)  curvatures in c-CNT structures were not incorporated; rather, they were taken as regular and identical shaped. (c) a perfect bonding was assumed to be present between c-CNT and LIR matrix. 
Temperature Sensing Properties. Unlike the complex geometries reported in the literature,<sup>46</sup><sup>46</sup><sup>45</sup><sup>44</sup><sup>42</sup> the current temperature sensing performances of the adhesive sensors were determined by printing the functional inks based on c-CNT and LIR over a PET sheet in a 1 cm2 square block geometry. The thickness was maintained at c.a. 200 µm thickness. A thin line of silver electrodes was applied on the edges to record the electrical response of the sensors as a function of temperature change. The developed sensor was not encapsulated. Hence, the contribution from the thermal expansion of the PET was considered negligible.47 Since the developed adhesive sensors are intended to be used for body temperature monitoring, the printed sensors were assessed between 28 ℃ to 42℃. In the window of the study, all the sensors prepared with different volume fractions of fillers demonstrated a decrease in the resistance with an increase in the temperature (negative temperature of coefficient behaviour). For instance, the change in the resistance for the sample at the percolation regime (φ = 0.42 vol. %) demonstrated a linear decrease in the resistance with an increase in temperature (Figure 2a). A linear fitting was done for the data. The R2 value noted for the linear fit was 0.998. This ascertains that the developed sensors based on c-CNT and LIR will not need any multipoint data calibration, which is otherwise very common for non-linear sensors.48 
The sensitivity of the adhesive sensors was determined in terms of their temperature coefficient of resistance (TCR) value. TCR is the relative change in the resistance per degree rise in temperature. We evaluated the adhesive sensor’s performance by measuring the TCR as a function of different temperatures. Equation 5 was used to calculate the TCR value:
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wherein RT – Resistance at a temperature T, R0 – Resistance at initial temperature T0.  On investigating the TCR values, the 0.42% c-CNT loaded sample demonstrated a TCR of 0.347 %/℃, while the TCR for 0.54%, 0.59%, and 0.68% c-CNT loaded samples were 0.206 %/℃, 0.201 %/℃, and 0.197 %/℃ respectively. A triplicate measurement was done to determine the TCR values. It can be unequivocally suggested that the TCR value was noted to be highest near the critical volume fraction of filler at the percolation regime (i.e., φ = 0.42%). Figure 2b shows linearly fitted data for percent relative resistance change against temperature (℃) decrease monotonically (R2 = 0.999). This is so because, upon temperature application, the filler network gets perturbed under the influence of external stimuli. Such an observation is in line with the observation made by other researchers.49 Hence, the delta change in the resistance values will be greater in this regime.   On the contrary, it can be observed that, with an increase in the volume fraction, the TCR was found to decrease. As the filler volume fraction increased above the percolation threshold, the carrier mobility decreased due to more collisions between the carriers, thereby decreasing the sensitivity.50 The TCR noted in this work have been compared to different materials of similar type, as reported in the literature and is shown in Table S3. 
The sample prepared with 0.42% filler was found to be the best in terms of performance. Hence, it is critical to investigate the mechanism of the thermal response as a function of electrical conductivity in detail. A variable range hopping (VRH) mechanism was conjectured for the selected nanocomposite ink formulation. To support the fidelity of the claim, and keeping in mind the 3 dimensionality of the filler network, a plot of the change in the temperature (T-1/4) versus the ln σ √T was done.  As shown in Figure 2c, the plot demonstrated an excellent linear fit. The R2 value noted for the linear fit was 0.999. Based on the available literature, such a linear fit supports the VRH mechanism.
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Further, the temperature sensing capability of the sample was assessed from the thermal Index (B) determined by Equation 6.  As shown in Figure 2d, the thermal index value obtained for the sensor by linear fitting was 343.3 K. Based on the calculation from the thermal index, the thermal activation energy was found to be 59.1 meV. 
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Figure 2. (a) Variation of the sensor's resistance prepared with 0.42 volume fraction of c-CNT in LIR matrix demonstrating an NTC behavior. The plot was linearly fitted, and the R2 value was 0.998. (b) TCR determination for the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix demonstrating a TCR value of 0.347 %/℃. The plot was linearly fitted, and the R2 value was 0.999. (c) VRH plot for the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix. The plot was linearly fitted, and the R2 value was 0.999. (d) Thermal index determination; ln (R) vs. 1000/T(K), (e) Cyclic temperature stability studies for the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix (f) Temperature profile across the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix and blank PET patch attached to a polypropylene container and exposed to hot water under identical conditions. 
It is worth mentioning that the cyclic stability of the developed sensor is critical to understanding the study of temperature's impact on the sensors' hysteresis property. The sensor was subjected to five continuous temperature cycles ranging from 30 to 42 ℃. The relative resistance changes with respect to the initial resistance was measured. From the results, it could be reasonably inferred that the printed sensors demonstrated good stability and repeatability without any noticeable hysteresis, as shown in Figure 2e. The sensitivity of the developed sensor with respect to external temperature was assessed under simulated conditions. A polypropylene cup was attached with the developed sensor, and hot water with a temperature of c.a. 60oC was added. A control PET sheet was attached to the polypropylene cup. After 20 seconds of time, it could be noted that the sensor sample attained a thermal equilibrium (approx. 57.5℃) with the temperature of the water inside the cup (approx. 60℃).  However, the controlled sample under identical conditions didn’t achieved the thermal equilibrium. Also careful observation of the thermal image demonstrate the sensor is not discernible (as the thermal color coding of the sensor matched that to the color of water inside the cup), while one could clearly observe the presence of controlled sample with different color. Figure 2f illustrates the temperature mapping data across the sensor and the control sample (inset shows the IR image of the polypropylene cup to which both the sensor and control samples were attached).
Electro-Mechanical Property Evaluation. Since the prepared sensor has been intended to use in healthcare monitoring, the sensor’s response towards stimuli like strain, bending and pressure has also been evaluated.  For the evaluation of sensing response to strain, a 2 cm2 sensor was printed on a knitted cotton substrate, and an in-house fabricated stretcher was used to apply strain on the fabricated sensor. The sample has been evaluated up to 40% strain, after which the samples cracked. The sensitivity of the sensors towards strain was evaluated by calculating the gauge factor (GF). GF describes the strain sensitivity, and it is defined as the ratio of relative change in the resistance to applied strain (Δε) that can be calculated from the Equation 7:
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At 0.42 volume % loading of c-CNT, the fillers are assumed to be well connected in the printed sensing area. The difference in the relative resistance occurred due to the changes in the geometry structure, micro crack formation and propagation, and tunneling resistance change.46 This, as a result, increases the resistance of the sample.  As evident from Figure 3a, two different regimes can be observed. There’s a monotonic increase in relative resistance with strain up to 20%. Then there’s an abrupt change in the slope of the curve resulting in another gauge factor from 20% to 40% strain. The calculated GF for the first regime was 37.4 for the 0 to 20 % strain range. While the GF was 62.4 for the 20 to 40 % strain regime. The reason for the non-linearity noted in the strain response measurement was due to the operation of two different mechanisms while straining the sample. Initially, the developed sensors at a lower strain (0-20%) demonstrates a change in the dimension. As a result, the first phase of resistance was noted. On further increasing the strain (20-40%), the network structure of the c-CNT starts to break. As a result, a higher magnitude of resistance change is noted (gauge factor increases compared to the first regime). The results obtained experimentally was correlated with the computational studies. The results demonstrated good parity amongst themselves with a marginal deviation. Compared to the existing literature, the GF noted was significantly higher. For instance, the CNT/TPU nanofiber-based flexible strain sensor recently offered the GF value 11.08 for up to 41% strain value.51 The PDMS/CNT@MXene-based adjustable strain sensor only offers the GF of 16 for the strain range between 0 and 40%.52  Ecoflex silicone and CNT based strain sensor demonstrated a maximum of 4.9 as gauge factor in the range between 0 and 100%.53 The GF noted in this work have been compared to different materials reported in the literature and is shown in Table S4. 
Similarly, the relative change in resistance of the sensor was measured for different bending angles.  Since it is a flexible and bendable sensor, it is essential to measure the response and sensitivity towards bending angles. We created a custom-made cone to simulate the different bending angles of the human body. The bending angle varied from 15o C to 90o. The sensor’s resistance increased with an increase in the bending angle. As bending introduces strain in minuscule magnitude, the data obtained from bending angle were converted to bending strain by leveraging Equation 8.
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Where  is strain, t is thickness corresponding to the printed sample, and r is bending radius of the cone. This was done to get an idea about the sensitivity of the sensor below a strain of 1%. In the study window, the bending strain can also be categorized under two regimes. The gauge factor from 0% to 0.186% strain was 153.0, while 578.1 was the gauge factor noted for bending strain between 0.186 % to 0.336%. Such a high value of the gauge factor is significant. The variation of the relative resistance change against the bending strain is shown in Figure 3b.                               
The pressure sensing performance of the sensor was evaluated by applying cyclic pressure using an indentation rod connected to a flatbed on which the sample rested, and the sample was connected to the source meter for measurement of the relative resistance changes. The load was kept constant. On applying cyclic pressure, the difference in relative resistance remained constant for every loading and unloading cycle (as shown in Figure 3c), demonstrating good repeatability and stability. The changes can be attributed to the disconnection of the c-CNT network on the application of load due to the application of compressive stress due to the load. Two essential criteria, namely response time and relaxation time against applied load was also measured. The sensor demonstrated a response and relaxation time of 0.09 s, respectively, as shown in Figure S4. 
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Figure 3. Variation of the relative resistance of the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix upon application of (a) strain (both experimental and computational). The plot was linearly fitted in two different regimes, (b) bending strain and (c) pressure. 
[image: ]Adhesion Performance. Considering the structure of the base elastomer matrix, the presence of methyl ester of succinic acid with a wide variant of oxygen functionalities is expected to demonstrate good adhesion to a wide variety of substrates and surfaces. As seen in Figure 4, the developed composition could adhere to various substrates ranging from bonding metal to metal, rubber gloves to metal, glass, and wood. Further, different weights of metal coins were placed over a glass slide coated with the sample and were allowed to hang vertically. As can be seen, irrespective of the weight of the coins used, the adhesive was strong enough to hold the coins, and no slippage was noted between the adhesive and the substrate. It is worth mentioning that no external pressure was applied over all these samples. To further quantify the adhesive performance, lap shear test was performed. Various substrates like PET-PET, aluminum-aluminum and plywood-plywood were done. Except for the plywood sample (to avert any damage to wood sample due to prolonged exposure to heat), the impact of heat (60℃/12h) on the adhesion performance was also studied. As shown in Figure 5a, the PET sample adhered to each other and demonstrated shear stress of 2.3 kPa. There was a 3648% increment in the shear stress value when the PET was heated along with the adhesive sample.







Figure 4 . Schematics of adhesion of various substrates tested in laboratory.
Similarly, an augmentation in the shear stress value was also noted for aluminium substrates. It is important to note that, compared to the aluminium, both PET and plywood samples demonstrated higher shear stress values. This was due to the strong interaction between the oxygen functionalities present in the PET and the wood surface. The tack behaviour of the samples was further demonstrated using a rolling ball tack tester. Steel balls of different weights and diameter were allowed to have a steady downfall at an angle of 22° over the sensor surface and were allowed to roll. In the test window, all the balls stopped at the initial part of the coated sensor and could not travel the entire sensor surface, demonstrating the tackiness of the sample. The velocity of the ball traveling via the sample surface and the distance it travels are directly proportional to the mass of the ball. Similar observations were made and are represented in Figure 5b.     
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Figure. 5 (a) lap shear strength of the developed sensor against various substrates, (b) Tack determination using rolling ball tack test by using stainless steel balls of various weights.

Demonstration of the Applicability of the Sensor in Physiological Monitoring. Heretofore, it can be observed that a wide variety of external stimuli can activate the sensor's sensitivity. Such a unique attribute has been smartly utilized to monitor various physiological parameters. For instance, Figures 3a-b show that the samples are highly sensitive towards strain. Hence, a detailed study on the impact of the small and large human body strain on the performance of the developed sensor was studied and is shown in Figures 6a-d. A 26-year male volunteer was made to wear the sensor patch at different position of the body, and the change in the relative resistance data were recorded. For lower muscle movement-induced strain, actions like twitching (9 cycles), frowning (6 cycles), and eye blinking (5 cycles) were investigated (Figure 6a-c). It is also worth mentioning that a minor movement is noted during water drinking in the throat area/Adam’s apple area. The volunteer drank water by putting the sensor attached externally near the throat area/Adam’s apple area and the relative change in the resistance value was noted. As shown in Figure S5a, the motion of the throat area due to the passage of water resulted in the perturbation in the filler network, and hence a change in the resistance was noted due to the perturbation of the filler network.
Similarly, for determining the impact of large strain, the sensor was attached to the elbow (Figure 6d) and finger (Figure S5b).  For instance, the sensor was attached to the forefinger (second knuckle), and the finger was bent about 90o and was released to a straightened position. The relative resistance was measured continuously by bending the finger cyclically to 90o and straightened position. The bending caused the straining of the sensor resulting in a change in the resistance, and further, it recovered back to its original resistance value in the released state. Hence, the sensor demonstrated repeatable and accurate sensing toward the more considerable deformation to the finger bending (Figure S5b). 
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Figure 6. Variation of the relative resistance of the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix upon application of (a) twitching (b) frowning (c) eye blinking, and (d) elbow bending.
Monitoring the various human activities by the sensor is useful for extending the application of the sensor in the healthcare area. As a wearable sensor application, the sensor must recognize the subtle deformation caused by human motion/activities. The developed sensor has been applied to different body parts to test its capability to detect such changes. Following the observation made herein, it can be reasonably surmised that the developed sensors can be utilized to monitor various muscle stiffness for patients who have Parkinson’s disease. 
In addition to the strain, the sensor also responded to external pressure. Ideally speaking, in the human body, a minuscule amount of pressure is generated when the artery carries the oxygenated blood to the different body parts. The pressure from the artery leads to the observation of the radial pulse rate of a human being. A volunteer (26 years, male) attached the sensor to the wrist to measure the pulse rate. As shown in Figure 7a, the pulse rate determined for the volunteer was 78 pulses per minute. This indicated that the sensor is capable of detecting the minuscule pressure faced by it. On careful analysis of the pulse data, three distinct waveforms were discernible from the pulse data, shown in Figure 7b. The pressure pulse's initial and lateral section of the systolic portion was obtained, namely the percussion and the tidal waves. Similarly, the diastolic section or the dicrotic section was also noticed in the waveform. 
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Figure 7. (a) Determination of radial pulse using the sensor and (b) high-resolution pulse data.
Apart from radial pulse, a certain degree of pressure is generated while humans respire. Such pressure due to the exhalation of air from the body has been effectively leveraged to determine the respiratory rate (RR) of the human being. RR is a critical parameter because the RR shades a vital perspective about the conditions of the lungs. Unfortunately, such RR monitoring often leverages costly and not so user-friendly monitoring devices/techniques ranging from computed tomography angiography and polysomnography.54 A volunteer (26 years’, male) attached the sensor to a surgical mask and monitored relative resistance change. Three different modes were done to check the efficacy of the sensor and is shown in Figure 8. The volunteer breathed normally, followed by breathing at a faster rate and breathing via open mouth. Depending on the mode, the magnitude of relative resistance change varied. In the window of the study, the RR obtained was 18. Such a value was in agreement with the normal range of RR; 12-20. 
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Figure 8. Response of the sensor when at different respiration conditions
The vibration of the vocal cord due to the epidermis motion while speaking different words was evaluated by measuring relative change in resistance. The repeatability of forming a pattern when speaking the same word frequently decides the quality and stability of the sensor. The sensor was attached externally to the Adam’s apple area of the volunteer (26 years, male), and the changes in the relative resistance were measured while repeatedly saying the words like “SENSOR”, “TEMPERATURE,” and “CNT” (Figure 9a). The formation of the individual pattern looks identical when the same word was pronounced cyclically, and notably, the pattern formation for “SENSOR”, “TEMPERATURE,” and “CNT” was different. The results confirmed that the sensor recognized the different syllable phonation, which assured the sensor’s applicability in voice monitoring. Through an appropriate combination of signal processing, machine learning, and artificial intelligence, such a finding can be used to help muted persons. The study on the impact of vibration on the sensor's sensitivity was extended by sticking the sensor to an audio speaker using a pressure-sensitive tape.
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Figure 9. (a) Response of the sensor towards various phonetics, and (b) response of the sensor towards various sounds.
Further, different sound waves of different frequencies were subjected to it. The sound was switched OFF and ON at a regular interval. As shown in Figure 9b, significant changes in the relative resistance were noted. Thus, based on the above observations, it can be unequivocally suggested that the sensor was capable of determining various physiological parameters in the real-time. 
CONCLUDING REMARKS
This study used a functional liquid isoprene rubber and carboxylated multiwalled carbon nanotube as the model system. The different volume fraction of nano-fillers was incorporated in the formulation. Judicious choice of the liquid rubber assisted in stencil printability of the developed formulation in a solvent free condition. A good coherence has been found between experimental and computational studies of overall electrical responses in present c-CNT/LIR nanocomposite.  The percolation network of the filler was established using rheological, electrical and computational studies. 0.42 vol. % of the filler was found to be the critical percolation concentration. In the study window, the developed formulation demonstrated an adhesive behaviour with capabilities to bond to a wide variety of substrates ranging from plastic, metal, and wood. Excellent skin conformability was noted for the developed composition. The composition demonstrated a broad spectrum of multi-functionality by sensing various external stimuli like temperature, strain, and pressure. The sensor showed a temperature sensitivity of 0.347 %/℃, and strain sensitivity of 62.4 up to 40 %. Owing to the adhesiveness of the sample, it could adhere to the skin effectively and pick up the pressure generated by the radial artery; thereby leading to the observation of radial pulse rate data. In summary, a robust printable carbon nanotube-liquid rubber based elastomeric multifunctional adhesive sensor was developed.  Such a finding can be readily extended towards developing similar multifunctional sensor adhesives with end application in point-of-care sensing applications.

METHODS 
Materials. LIR 410 grade was procured from Kuraray, Japan. Carboxylated carbon nanotubes was obatined from AdNano Ltd, India. All the materials were used in a “as received” form and was not purified further. 
Electrical Characterization. Keithley 2450 source meter was used for the electrical characterization of sensors. The square block stencil printed sensor was given two terminal by application of silver paste obtained from Ted Pella.  The temperature sensing experiments was performed by placing the sample having two terminal in a stage controlled by PID.  A sweep was conducted between 28oC to 40oC. For other testing like resposne of the sensor towards strain, pulse, etc. a conductive copper tape procured from 3M was used as a electrode. Copper thin wire was further soldered over the conductive copper terminal and was connected to the sourcemeter for noting the electrical response. 
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Supporting Information
Figure S1. 3D schematic representation of RVE mesh generation at 0.42 volume fraction for  c-CNT and LIR-based nanocomposite (a) RVE inclusions mesh (b) RVE matrix mesh,  (c) RVE mesh.
Figure S2. RVE generation as a function of the amount of nanofillers for (a)  0.001 volume fraction (b) 0.01 volume fraction (c) Electrical Loading in 3D RVE of randomly distributed c-CNTs RVE for randomly dispersed c-CNT in LIR
Figure S2d. Electrical resistivity of the stencil printed samples prepared using various volume fractions of filler, measured using two probe electrical conductivity method and resistivity results obtained from computational simulation studies.
Table S1: Material Properties of c-CNT/LIR
Table S2: Percolation threshold value for different rubber based composites
Figure S3: Logarithmic value of conductivity was plotted against log  .
Table S3: Comparison of the TCR value against the literature value
Table S4: Comparison of the GF value against the literature value
Figure S4: Response and relaxation time of the sensor against pressure.
Figure S5. Variation of the relative resistance of the sensor prepared with 0.42 volume fraction of c-CNT in LIR matrix while (a) drinking water and (b) finger bending. 
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