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ABSTRACT 

Point-of-care testing (POC) has the ability to detect chronic and infectious diseases early 

or at the time of occurrence and provide a state-of-the-art personalized healthcare system. 

Recently, wearable and flexible sensors have been employed to analyze sweat, glucose, blood, 

and human skin conditions. However, a flexible sensing system that allows the real-time 

monitoring of throat-related illnesses, such as salivary parotid swelling caused by flu and 

mumps, is necessary. Here, for the first time, we report a wearable, highly flexible, and 

stretchable piezoresistive sensing patch based on carbon nanotubes (CNTs), which can record 

muscle expansion or relaxation in real-time, and thus act as a next-generation POC sensor. Our 

patch offers an excellent gauge factor for in-plane stretching and spatial expansion with low 

hysteresis. We calculate the actual extent of muscle expansion and redefined the gauge factor 

for applications entailing volumetric deformations. Additionally, we utilize a Bluetooth-Low-

Energy system that tracks muscle activity in real-time and transmits the output signals 

mailto:mmhussain@berkeley.edu
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wirelessly to a smartphone app. Numerical calculations verify that the low stress and strain lead 

to excellent mechanical reliability and repeatability. Finally, we inflate a dummy muscle using 

a pneumatic-based actuator to demonstrate the application of the affixed wearable next-

generation POC sensor. 

 

1. Introduction 

Stretchable and flexible electronics have numerous applications in daily life, such as in 

sensors, actuators, electronic displays, bio-electronic devices, soft robotics, artificial organs, 

and personalized healthcare systems.[1–10] With advancements in personalized healthcare 

systems, researchers are focusing on the development of state-of-the-art flexible wearable 

electronic devices that can monitor human motion, perform sweat analysis, record blood 

pressure, and deliver drugs into the human tissue, e.g., for insulin therapy.[11–20] An important 

feature of a wearable personalized healthcare system is point-of-care (POC) testing.[21] POC 

testing provides immediate results compared to clinical laboratories, which have long waiting 

times that could delay drug-related decision-making.  

Human skin provides extensive physiological and physical data that help diagnose 

adverse health conditions. The aforementioned studies primarily demonstrated bioelectronic 

wearables that sense and analyze physiological information. The parotid gland is the largest 

pair of salivary glands, and is located behind the angle of the jaw, below and in front of the ears. 

In the throat area, certain types of virus/bacterial infections associated with mumps or flu and 

other diseases, including tonsillitis, AIDS, and sarcoidosis, might cause physical swelling of 

the major salivary glands.[22] Cancerous tumors can trigger the worst form of symptoms in these 

glands. Seamless tracking or monitoring of the muscle is required to recognize the actual state 

of the swollen muscles. Additionally, POC-based testing could be used to map such infectious 

diseases in lab-limited access areas and enable prompt treatment to prevent the spread of the 

infection. Recently, J. W. Kwak et al. presented the wireless-embedded soft sensors to track the 
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pressure and temperature in real-time, acting as limb-prostheses.[23] Using flexible wearables, 

real-time monitoring of human muscle swelling has not yet been explored to the best of our 

knowledge. Therefore, it is necessary to develop a next-generation POC sensing system that 

directly interfaces the device with human skin and allows the detection of gland-muscle 

swelling/relaxation at an early stage or at the time of occurrence.  

Recently, various sensors, such as, magnetic, optical, inertial, and mechanical, have 

been used as epidermal sensors to reveal human muscle activities. Strain sensors are among the 

most widely used candidates for this purpose owing to their varied advantages. For instance, 

strain sensors do not require complicated equipment or a vast space compared to optical systems. 

Likewise, inertial/mechanical systems use bulky and inflexible components, and consequently, 

are less compatible for epidermal use. Similarly, magnetic sensors are less accurate because the 

magnetic field of the environment influences them. Other advantages of strain sensors include 

high sensitivity and range, excellent stretchability, ultralow weight, and low cost.[24–27] 

Considering the need for mechanically stable strain sensors, various materials and designs have 

been proposed to develop stretchable, flexible, and high-gauge-factor sensors. The sensing 

range is usually restricted by sensing materials and mechanisms. The most typical mechanisms 

include piezoelectric, capacitive, and piezoresistive sensing.[28–34] The piezoresistive strain 

sensor, which possesses high stretchability and sensitivity, changes its resistance under 

mechanical deformation. Moreover, piezoresistive-based sensing devices are easy to design and 

manufacture, and are low in weight.[35–38] Owing to their high gauge factor and low hysteresis, 

nanosized materials such as carbon nanotubes (CNTs), graphene, and nanowires have emerged 

as strong candidates for use in piezoresistive strain sensors.[39–46]  

Here, we report a piezoresistive sensing system composed of a flexible and wearable 

single-walled CNT-based POC strain sensor. The device is attached to the human skin to gather 

output signals related to muscle activity. The POC strain sensor has a wearable smart patch-like 

design. We fabricated a wearable sensing patch by depositing CNTs on intrinsically stretchable 
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elastic substrates that can conform to human skin and improve the robustness of the system. 

The sensing patch detects the muscle activities in real time, which are wirelessly monitored by 

a smartphone application using a Bluetooth Low Energy (BLE) system. We map the output 

signal in terms of the relative change in the resistance of the CNT film and verify its electrical 

and mechanical suitability through numerical modeling and experiments. Our POC sensing 

patch can respond to small-to-large-scale strains (i.e., higher than 100%). In addition to in-plane 

deformation, it precisely detects out-of-plane spatial muscle expansion with reasonably large 

gauge factors of 14.5 and 7, respectively. In addition, the electromechanical response of the 

device showed excellent repeatability. At the initial state, the CNTs exhibited negligible pore 

opening; however, upon stretching at 25%, the pores opened up to 65 nm, increasing the 

resistance of the device. Numerical calculations showed that the evolved stress and strain states 

are sufficiently small to avert mechanical failure. The development of such a wearable sensing 

patch would allow signal integrity from human tissue activity in real time. A futuristic version 

of the patch can potentially help alleviate patient concerns about post-surgery tumor regrowth.  

2. Results and Discussion 

As emphasized in the preceding section, monitoring parotid gland swelling is crucial to 

prevent the spread of or suggest a timely cure for chronic diseases, as it will enable us to first 

envision the difference between healthy and infected muscles. Figure 1a shows that when 

healthy and normal skin swells due to mumps or other issues that cause parotid gland swelling, 

there is localized swelling around the jaw-bone-ear area. A strain sensor could provide a history 

of swelling or the rate at which the muscle swelled. The output of a wearable piezoresistive 

POC strain sensor could be remotely accessed through a BLE setup and smartphone app, as 

shown in figure 1b. The output information may then be utilized for further diagnosis or 

treatment of the patient.  



  

5 

 

A sandwich structure of the form intrinsically elastic polymer/CNT/polymer was 

designed to obtain a robust piezoresistive POC strain sensor, as illustrated in figure 2. The first 

layer of Ecoflex provides mechanical support (figure 2a-2h) and the required flexibility for the 

CNT thin layer providing piezoresistivity. The surface of Ecoflex was treated with O2 plasma 

to enhance adhesion between the CNTs and the Ecoflex surface. Figure 2g shows the stamping 

process, which is crucial for obtaining optimized electrical and mechanical performances of the 

device. From the perspective of electrical properties, previous studies have shown that non-

uniformity of the CNT network results in low stability of the sensor, especially during cyclic 

response.[47,48] In terms of the mechanical properties, the tensile strength was improved when 

these CNTs were well-oriented or aligned.[49] The non-uniform and as-deposited (without 

stamping) network of CNTs experiences substantial detachment, causing the uncontrolled 

growth of microcracks that lower the strength of the material. Therefore, stamping was 

performed in this work to create a dense, well-aligned, and uniformly distributed CNT network 

that would offer percolation-network-based stable electrical and mechanical performances.  

Another purpose of stamping could be to avoid soaking the liquid Ecoflex into the 

closely packed and dense CNT network, which could affect the electrical performance of the 

device. The Ag contacts provide terminals for electrical connection (figure 2i), whereas the top 

layer of Ecoflex offers encapsulation against physical damage and degradation of the device 

(figure 2j). Among others, the significant benefits of Ecoflex include its ultra-stretchability, 

flexibility, and proper adhesion with human skin, as well as its ability to act as artificial skin. 

The optical and scanning electron microscopy (SEM) images in figure 2k and 2l reveal a 

uniformly distributed cluster of CNTs. The cross-sectional images show strong interfacial 

adhesion between Ecoflex and the CNT layers, validating that the output signals are linearly 

correlated with the stretching or expansion of the polymer layer under mechanical deformation. 

2.1. In-plane Response of POC Sensing Patch 



  

6 

 

We tested the samples using a universal tensile testing machine to check the 

electromechanical response of the POC sensing patch. With this universal tensile stretching 

setup, we determined the in-plane stretching (axial stretch), as shown in figure S1 of the 

supplementary information (S refers to “supplementary information” hereafter). The POC 

sensing patch was clamped (figure 3a) and monotonically stretched along a single axis. 

Typically, human muscles experience a stretch or strain from negligible to 55% or even higher 

levels, depending on the activities.[50] However, parotid gland swelling is expected to occur 

within 20% in-plane strain, which would represent noticeable volumetric swelling for 

demonstration. A previous study has shown that when tested individually, CNTs can attain 40% 

elongation before fracture. However, the stretchability of the Ecoflex-based CNT sensor was 

more than 1000% due to the strong adhesion between the CNTs and Ecoflex.[51] We anticipate 

that the elongation could be in the range of hundreds of percent before mechanical degradation 

commences; hence, we tested the POC sensor with a maximum elongation of 20%. Figure 3b 

presents the electromechanical performance, i.e., the relative change in resistance (
𝛥𝑅

𝑅𝐼
) of the 

patch for a prescribed strain (𝜀) up to 20%, where 𝛥𝑅 = 𝑅 − 𝑅𝐼. 𝑅 and 𝑅𝐼 are the instantaneous 

resistance during stretching and the intrinsic resistance of the fabricated patch, respectively. 

Notably, the initial shape and size of the patch would not affect the performance because the 

sensor is calibrated based on the relative change in resistance (not the absolute value), which 

eventually determines the state of swelling.  

As the sensitivity or gauge factor dictates the mechanical robustness and electrical 

performance, we express the gauge factor as a function of 𝜀, as shown in figure 3c. The gauge 

factor of strain sensors might range between 2 and 107 depending on the shape, thickness, 

material, and fabrication strategies.[52] Our work shows a gauge factor of 14.5, which is 

sufficient to describe the applications pertinent to human muscle activities aimed at in this work. 

Notably, there was no evidence of drift during testing, and the minimum strain resolution was 
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found to be 0.033. The inset image shows the change in the resistance of the sensing patch along 

with the standard deviation. The typical load-strain curve is shown in figure S2, and the results 

of figure 3b and S2 show the low hysteresis of the fabricated POC sensing patch.  

To reveal the resistance-strain response mechanism, we excluded the top encapsulated 

layer of Ecoflex and stretched the bottom layer of Ecoflex along with drop-cast CNTs. Figure 

3d shows the SEM image at 25% stretching, which is comparable to that for the in-plane tensile 

stretching test. The resistance of the POC sensing patch increases with stretching owing to the 

increased resistance of individual CNTs and the contact area between adjacent CNTs. Our 

results corroborated those of previous studies,[53,54] i.e., a change in the percolation network 

increases the tunneling resistance among the clusters of CNTs. The results show that prior to 

stretching, a densely packed agglomeration of CNTs was obtained with small pores (figure 

2l). Upon stretching, the pores between the CNTs become larger up to 65 nm (figure 3d), 

causing the percolation-network-based elevated resistance of the patch due to the 

aforementioned factors. As it is necessary to demonstrate the repeatability, figure 3e and 3f 

show the response of the sensing patch for 3 and 50 cycles, respectively. Figure 3f also depicts 

the standard deviation, showing the precision and repeatability of the results.  

2.2. Out-of-Plane Response of POC Sensing Patch 

When we envision a POC sensor that precisely tracks human muscle activities, it is 

logical to comprehend that the sensor would experience out-of-plane deformation in addition 

to in-plane stretching. The commonly used tensile stretching setup in the literature cannot cause 

volumetric expansions of the sample. Therefore, we custom-made an actuator that swells 

volumetrically using pneumatic forces. The components of the Ecoflex-based actuator and 

pneumatic setup (using a simple syringe system) are shown in figure S3a and S3b. The 

fabrication details of the actuator system are described in the experimental section. The 3D-

printed housing (blue-colored) keeps the actuator in position, and only the top surface expands 

outward. We attached our POC sensing patch at the open surface by curing a fine layer of 
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Ecoflex at the actuator interface to undergo volumetric expansion once the actuator was inflated 

by air (i.e., the piston of the syringe was pushed through the barrel). Note that the gauge factor 

of the sensing patch with volumetric expansion should include the volumetric strain (𝜀𝑉), a 

parameter that has not been considered before.  

Therefore, the gauge factor will be expressed as: 

𝐺𝑢𝑎𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
∆𝑅

𝜀𝑉𝑅𝐼
                                               (1) 

𝜀𝑉 =
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
                                       (2) 

  The initial shape of the actuator was cylindrical and hollow from the inside, with an 

initial volume of 𝑉𝑖. The top surface inflates and transforms into the sphere cap (figure S4a), 

the volume of which can be calculated as the volume of the sphere cap (𝑉𝑠𝑐). To calculate the 

volume of the sphere cap, we need the initial radius (a) and height of the cap (h) (shown in 

figure 4a-d). Figure 4e shows the transformation of the geometrical shape after actuation. The 

details of the calculations are shown in the supplementary information (and in figure S4b), 

while the working of the assembly is shown in SMovie 1. For a known value of a and the 

measured values of h, we calculated 𝜀𝑉  as 121%. Using the parameters obtained from the 

volumetric expansion experiment, we found the gauge factor to be ~7, which is high for 

detecting muscle expansion. Next, we attached the POC sensing patch to the human face (shown 

in figure 4f) and tracked the preliminary muscle activities. The sensor was attached to the cheek 

area because puffing up cheeks could provide the required expansion to the patch. The response 

of the POC sensing patch recorded using the Keithley setup for the normal (no-puff), half-puff, 

and full-puff phases is shown in figure 4g.  
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2.3. Numerical Calculations of the POC Sensing Layer and BLE System 

Strain sensors like the one presented herein with polymeric encapsulation offer 

significant mechanical reliability, in that they do not experience mechanical fracture during 

their functioning. Numerical calculations help determine their electromechanical robustness, 

which is high (figure 5a-b). As highly elastic substrates of Ecoflex do not rupture during 

stretching or bending owing to their favorable mechanical properties, we modeled only the 

CNT-based thin film and Ag contacts. The interface of the Ag contacts and CNTs is more likely 

to experience mechanical failure due to strain mismatch. As we fixed a potential of 1 V during 

the electrical characterization, for a fair comparison in numerical calculations, we used the same 

potential on one of the terminals, while the other terminal was taken as ground. 

Next, we defined the angular bending that results in the deflection of the POC sensing 

layer, replicating the out-of-plane deformations. Figure 5a and S5a show the evolution of the 

electric potential, while figure 5b shows the evolved von Mises stress and deformation. Figure 

S5b shows the induced strain in the sensing layers. The results show that mechanical 

degradation is likely to occur at the Ag contacts and CNT-based layer interface because the 

stress and strain are concentrated in this region. However, the stress and strain were very low 

in magnitude (0.18 MPa), revealing high mechanical robustness. The details of the evolved 

potential, stress, displacement, and strain are illustrated in SMovie 2. 

Currently, a practical POC sensor requires real-time monitoring of the results. For 

instance, the patient or medical practitioner should be able to access the data or observe swelling 

at the time of occurrence. Integrating a wireless microprocessor with the sensor could help 

achieve this by recording any resistance changes and transmitting them to a smartphone. 

Following the same fabrication scheme for the sensor as described in earlier sections, we 

connected the sensor to the BLE Programmable System on Chip (PSoC) using interconnects 

made with conductive silver paste (figure 5c). The PSoC allowed us to create an internal current 

source with a current of 10 µA. This current is injected directly into the resistive sensor, and 
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the resulting voltage produced is fed to the analog-to-digital converter (ADC) inside the PSoC 

(figure S6). As the resistance of the sensor changes, the voltage changes, which is consequently 

noted by the PSoC through the ADC; the data are then sent wirelessly to the smartphone. To 

ensure the accuracy of the test results with the PSoC, we performed an additional experiment 

with linear stretching, as shown in figure S7 and SMovie 3. Next, we attached the POC sensing 

patch and BLE system on the face and tested it for outward expansion by performing a cheek-

puffing test. Figure 5d shows the test results during the normal, full-puff, and talking phases, 

and SMovie 4 shows the operation of the POC sensing patch with the BLE system. 

One of the primary concerns of POC sensing patches is the effect of phonation on the 

output signals. In our previous work, we fabricated a foil-based wheezing sensor and used a 

BLE system with a sampling rate of 300 kHz to detect the sounds related to asthma from the 

human chest.[55] However, in this study, we intended to suppress the phonation signals on 

purpose. Consequently, we selected a low sampling rate of 8 Hz to avoid phonation and small 

head and throat-area motions. We tested our device during phonation and found no or negligible 

changes in the results, as shown in figure 5d and SMovie 5. Furthermore, it is clear from the 

results that the change in resistance due to swelling is more pronounced than that due to 

phonation. For instance, as shown in SMovie 5, during the stretching of approximately 10%, 

the change in resistance was 2.2 kΩ compared to that during the phonation and head movements 

(250 Ω). Consequently, for a given amount of muscle swelling, the output resistance change 

will be greater than a negligible constant value of 250 Ω caused by phonations and other head 

motions. Our results validate that the fabricated sensor responds mainly to localized swelling 

of the jaw-bone-ear or cheek-area and is not affected by phonations or head motions. 

Additionally, other daily activities, such as food swallowing, do not affect the sensor operation 

because the mumps swelling is mainly located in an area not involved in swallowing.  

2.4. Application Demonstration 
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Having confirmed the mechanical reliability, linearity for in-plane and out-of-plane 

deformations, and high sensitivity of the patch developed in this work, we propose a wearable 

application of a POC sensing patch affixed to a dummy face. Figure 6a depicts the muscles of 

the dummy near the jaw-bone-ear area for the normal and swollen states. We inserted the in-

house built actuator underneath the chosen location (as the dummy's inner side is hollow, 

permitting the fixation of an Ecoflex-based actuator). The details of the setup are presented in 

figure S8. When the syringe provides the pneumatic forces (shown in figure S3), the actuator 

inflates and swells the dummy muscle spatially from the outside area, as shown in figure 6a 

(red circle). Figure 6b illustrates the relative change in the resistance along with the swelling 

and relaxation cycles. The results demonstrate that the output is highly repeatable.  

As the sensor is anticipated to withstand the complex nature of muscle motions, we 

demonstrate that the developed sensor can withstand the complex states of the intense 

deformations, such as bending and twisting (figure 6c), thereby validating its high mechanical 

reliability. Finally, we define the actual magnitude of the muscle swelling/relaxation as all the 

calculations are readily available from the preceding sections. We correlated the eventual 

muscle motion with the relative change in resistance of the POC sensing patch, that is, a more 

realistic output can be achieved, which is required by a medical practitioner for decisive tasks 

(figure 6d). The action of the POC sensing patch on the dummy face is illustrated in SMovie 6. 

The results demonstrate that the efficacy of the developed POC sensor could potentially track 

the swelling/relaxation phases in patients with mumps and other associated medical conditions. 

A futuristic version of the device, using biodegradable encapsulation, could potentially track 

the re-growth of various fatal human body tumors.  

 

3. Conclusions 

We devised a wearable piezoresistive strain sensor called a POC sensing patch that 

monitors the real-time swelling or relaxation of the human muscle,, which occurs during throat-
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related infectious mumps, flu, or similar parotid-gland diseases. We manufactured an Ecoflex-

based actuator inflated using pneumatic forces. We affixed our sensor to the actuator and 

measured the actual spatial expansion. The strong adhesion between the sensing patch and 

actuator surface resulted in high mechanical reliability. During the stretching of 25%, the pores 

among the neighboring CNTs were opened up to 65 nm, causing elevated resistance. The 

resistance reverted to initial state during the relaxation phase. The proposed sensing patch 

presented a high gauge factor with a low hysteresis. Compared to previous studies, we 

established a relation between the volumetric expansion and the gauge factor of the strain sensor. 

The developed sensor demonstrated excellent performance for in-plane and out-of-plane 

mechanical deformations and showed a substantial change in the resistance of the patch. The 

demonstrated device can respond to small-to large-scale strains (i.e., higher than 100%). 

Numerical calculations verified that low stress and strain result in excellent mechanical 

reliability and repeatability of the POC sensing patch. Moreover, the critical interface between 

the Ag contacts and the sensing film can experience mechanical failure, as identified by the 

numerical calculations. The gauge factor mainly depends on various factors; for our design and 

size, the gauge factor for in-plane and volumetric expansion was found to be approximately 

14.5 and 7, respectively. We also devised a BLE-system that transmits real-time output 

information from a human face to a smartphone interface that can record the swelling for further 

diagnosis and cure. To demonstrate the practical feasibility of the patch, we tested our POC 

sensing patch on a dummy face that attained a systematic volume expansion. These expansions 

were prescribed using an in-house-built actuator. We later correlated the muscle expansion and 

relaxation to the sensor's output resistance, which was then transferred wirelessly to a 

smartphone. Our proposed sensing patch could act as an autonomous POC sensor that can detect 

tumor re-growth beforehand and offer an excellent personalized healthcare system.  
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4. Materials and Methods 

4.1. Fabrication of CNTs-Polymer Piezoresistive Sensor and BLE System 

To fabricate the sensing patch, we first purchased the commercially available single-

walled carbon nanotubes (CNTs) with an average length of 0.5 to 3 µm and a diameter of 

1.4 nm from Carbon Solution Inc. These CNTs were found to be in bundles with an average 

diameter of 4–5 nm. The density of the CNTs was determined to be 1.2–1.5 g/cm3. These 

CNTs were then taken as 0.05 %wt and added to an isopropyl alcohol (IPA) solution. The 

CNTs-IPA solution was stirred for 1 h, followed by 1-hour sonication to avoid agglomeration 

and achieve the precise suspension of CNTs into the IPA.  

An intrinsically elastic polymer called silicon rubber, or liquid Ecoflex (mixed 1A: 1 B 

by weight), was drop-cast on a bare Si wafer. Ecoflex was cured at 90 °C for 1 h by placing 

the wafer on the heater. Since the surface of Ecoflex provides poor adhesion to the liquids, 

O2 plasma treatment was performed for 2 min, which enhanced the adhesion between the 

CNTs-IPA solution and Ecoflex by making the surface hydrophilic. To ensure the 

appropriate shape of the active layer, a mold of PI was made on top of Ecoflex. Next, the 

CNT-IPA solution was drop-cast between the molds of PI. During this process, IPA 

evaporation was attained using the heat energy of a lab lamp, which assisted in spreading the 

CNT thin film uniformly. To relieve the residual stress among the CNTs, the CNTs were 

annealed at 150 °C for 30 min. Next, stamping was carried out to increase the thickness and 

uniformity of the CNT network. The composite of Ecoflex and CNTs was readily peeled off 

from the substrate because the interfacial adhesion between the CNTs and Ecoflex was 

stronger. Next, to provide electrical contacts, a thin layer of Ag epoxy was deposited at the 

junctions of the CNTs and Ecoflex. Finally, to protect the CNT active layer from physical 

damage and chemical activity, another layer of Ecoflex was deposited and cured at 90 °C for 

1 h.  
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For the experiments to demonstrate the patch's wireless operation enabling seamless 

wireless communication between the sensing patch and smartphone app, a BLE chip was 

programmed to read the changes in resistance of the sensor. We selected a low sampling rate 

of 8 Hz to avoid phonation and small head and throat-area motions. The system analog-to-

digital conversion (ADC) resolution was 2 mV, and we supplied a current of 10 µA. Therefore, 

our minimum resolution/voltage was 0.1 kΩ/mV. The BLE chip was connected to the sensor 

using silver paste before depositing the final encapsulating layer of Ecoflex. 

4.2. Scanning Electron Microscopy (Characterizations) 

To explain the relationship between volumetric expansion/stretching of the CNT-S-

based sensor and observed change in its resistance, structural characterization of the CNTs 

was performed before and after stretching through scanning electron microscopy (SEM). 

Ecoflex was deposited onto bare Si and cured at 90 °C for 1 h. Subsequently, the CNTs were 

drop-cast onto an Ecoflex layer. Next, the sample was coated with a 7 nm Cr thin film using 

a sputtering system to avoid the charging effect. The sample was then characterized using a 

NOVA SEM tool under different accelerating voltages (15–25 kV) and currents (88 pA–0.2 

nA). 

4.3. Tensile Stretching of the Sensing Patch 

To reveal the electromechanical response of the fabricated sensing patch, we placed the sensors 

between the stages/jaws of the universal tensile testing machine (Instron). We ensured that the 

jaws clamped the patch from the Ag contact location to eliminate the Ag effects. In other words, 

the patch was not prone to breakage at the epoxy sites. Therefore, the load-displacement data 

represent the definite mechanical response of the CNT-based sensing film.  

The stage was moved at a strain rate of 3.33% s-1 axially (obtaining 20% strain in 1 min) to 

conduct the in-plane monotonic tensile stretching of the patch. We employed cyclic 

loading/unloading to the device, and the instantaneous resistance was measured real time using 
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a Fluke multimeter. The device was tested for multiple cycles and a standard deviation was 

established to prove the precision of the tests.  

4.4. Pneumatic Actuator for Determining the Volumetric Expansion 

We used an in-house built Ecoflex-based actuator that was inflated using pneumatic forces 

exerted by a medical syringe. The actuator was a hollow cylinder with a radius (a) and height 

of 25 mm and 10 mm, respectively. The Ecoflex was taken as 1A:1B by weight and drop-cost 

into a cylindrical mold, which was cured at 90 °C for 2 h. To comprehend the actuator’s 

expansion from the top surface only, we placed the paper on the opposite side, thereby 

restricting the expansion from the opposing surface. Thus, the actuator was transformed into a 

sphere-cap shape from the top surface. The housing required to hold the actuator and air pipes 

were manufactured using a 3D printer. We firmly attached the fabricated sensing patch using 

the interfacial layer of Ecoflex, which acted as a bonding layer between the actuator top surface 

and strain sensor. When the plunger was pushed inside the barrel of the syringe, the air was 

streamed through the pipe to the inside of hollow-Ecoflex-based actuator, which in turn was 

inflated spatially. During inflation, the actuator transforms into a sphere-cap topology. To 

determine the actual magnitude of volumetric expansion, a measuring scale underneath the 

actuator-housing assembly showed the upright expansion of the actuator, referred to as the 

height of the sphere cap (h). The h and a values were used to calculate the volume expansion 

analytically. In the meantime, upon being subjected to a potential of 1 V, the resistance change 

was measured using Keithley 4200. 

4.5. Numerical Modeling 

We conducted a three-dimensional (3D) finite element method (FEM) analysis to determine 

the electromechanical response of CNT-based strain sensor. The distributions of electric 

potential, strain, mechanical deformation, and von Mises stress were calculated using the 

commercially available FEM program COMSOL. As Ecoflex is highly stretchable and flexible, 

its mechanical performance will not be restricted, but the CNT layer and Ag contact the 
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interface. Therefore, we designed an active layer of CNTs along with two Ag-based terminals. 

The design of device for the numerical calculations contained a rectangular-shaped patch with 

a size of 50 × 20 mm and two small Ag contacts. We utilized the Solid-Mechanics and 

Electrostatics modules of COMSOL. To replicate the experimental expansion of CNT active 

layer, we prescribed an angular displacement that bent the patch at the center, mimicking the 

patch’s state of central swelling, i.e., the form of human muscle spatial swelling. We prescribed 

the electric voltage on one terminal for electrical characterization, whereas the other terminal 

was set to be ground. A fine mesh was used to ensure the convergence of FEM solution. The 

elastic modulus and Poisson’s ratio of CNTs and Ag were taken as 1000 and 83 GPa and 0.45 

and 0.37, respectively.  

4.6. Tracking the Muscle Activities of Dummy's Face 

To perform real-time monitoring of muscle expansion/relaxation, we placed the sensing 

device onto the jaw-bone-ear area of the commercially available dummy and performed the 

tests. The dummy’s inner side was made hollow so that the in-house built actuator could be 

fitted into it. The artificial expansion of the dummy muscle was attained by inflating the actuator 

using a syringe. The actuator was firmly attached to the surface beneath the dummy to ensure 

linear expansion of muscle, which simultaneously changes the resistance of the sensing device. 

Additionally, the rotational movements of dummy were constrained by clamping it into a 

fixture. When inflated, the change in electrical resistance was tracked, which was correlated to 

the known value of the volume expansion of actuator. 
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Figure 1. Schematic illustration of normal and swollen human skin and the proposed 

sensing patch to track the swelling activity. (a) Parotid gland swelling showing localized 

swelling around the jaw-bone–ear area of the face. (b) Tracking the muscle swelling pattern 

using the proposed POC sensing patch and sending the output signals to the smartphone app. 
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Figure 2. Fabrication process and characterization of the CNTs-polymer piezoresistive 

POC strain sensor. (a–d) The intrinsically stretchable elastic substrate of Ecoflex was 

deposited on the bare Si and cured at 90 °C for 1 hour. The surface of the Ecoflex was treated 

with O2 plasma to make it hydrophilic, enhancing the adhesion between the solution of CNTs 

and polymer. To obtain a uniform shape of the sensing patch, we placed a mold of polyimide 

(PI). (e–h) The solution of CNTs was drop-cast and annealed at 150 °C for 30 minutes. The 

assembly was peeled-off, and this was followed by the stamping process to obtain the uniform 

CNTs thin film. (i) A thin layer of silver (Ag) epoxy was deposited to enable the electrical 

contacts. (j) The encapsulating layer of Ecoflex was deposited and cured at 90 °C for 1 hour. 

(k) Optical images of the fabricated device showing the CNTs-polymer and Ag contacts. (l) 

SEM images show the cluster of CNTs and a cross-sectional view (from left to right). Scale 

bars are shown in the respective images. 
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Figure 3. Electro-mechanical response of the POC sensing patch. (a) Holding the sensing 

patch for in-plane tensile stretching. (b) The relative change in the resistance as a function of 

prescribed strain (ε), revealing the small hysteresis for a stretching-relaxation profile (the load–

strain curve is shown in figure S2 of the supplementary information). (c) The gauge factor of 

the patch as strain evolves, while the inset illustrates the change in resistance for a full cycle 

with standard deviation showing the accuracy of the results. (d) The relative opening of the pore 

was approximately 65 nm at 25% stretching. (e–f) The performance for the first 3 and 50 cycles, 

showing the excellent repeatability of the POC sensing patch. 
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Figure 4. Performance evaluation and calculation of volumetric expansion of the POC 

sensing patch. (a–d) The sensor was attached to the top of the Ecoflex-based pneumatic 

actuator, which was inflated gradually using the syringe system, exhibiting the volumetric 

expansion of the sensor. (e) Schematic of the geometrical transition of the sensing patch from 

cylindrical to sphere-cap shape during inflation. The known value of a and experimentally 

measured values of h are used to calculate the volumetric strain (change in volume/initial 

volume), which was found to be ~1.21. The corresponding gauge factor of the sensor was found 

to be ~7. (f) Testing of the sensing patch along with Keithley instruments setup when the patch 

was framed on a human face. (g) The performance in terms of relative change in resistance for 

various face-puffing phases, i.e., normal, half-puff, and full-puff. 
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Figure 5. Numerical calculations of the POC sensing patch and BLE set up to track the 

output signals through a smartphone app. (a) The evolution of electric potential and (b) 

contours of von Mises stress and mechanical displacement when the sensor undergoes 

mechanical deformations. The mechanical deformations may imitate the localized swelling 

around a muscle with mumps or similar infections. (c) The components of the sensing patch 

along with the BLE system. This system could track the muscle's expansion or relaxation profile 

and send the output signals to the smartphone app. (d) The output signals showing the accuracy 

of our sensing patch since they fully correspond to the physical expansion of the facial muscles 

during normal, full-puff, and talking phases. For instance, the device shows no response to the 

phonation (speech) during our testing, revealing high mechanical reliability. 
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Figure 6. Tracking the muscle expansion/relaxation of the dummy face using the wearable 

POC sensing patch. (a) The initially normal and swollen state of the dummy face is controlled 

by the pneumatic actuator placed in the dummy's hollow inner side. (b) The relative change in 

resistance during muscle expansion and relaxation cycles. (c) The POC sensing patch under 

bending and twisting states exhibiting high mechanical reliability. (d) The corresponding output 

reveals the real-time extent of the muscles swelling/relaxing, showing the efficacy of the 

developed POC sensing patch. 
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A point-of-care (POC) wearable strain sensor was developed to monitor the magnitude of 

swelling/relaxation of the parotid gland, which can help medical practitioners identify viral 

infections or throat-related illnesses in earlier stages. The results show that the polymer-based 

POC sensing patch can effectively track muscle motion with a high gauge factor and low 

hysteresis. The output signals of the POC sensing patch are wirelessly monitored on the phone 

using a Bluetooth-low-energy setup and a customized app.  

 

Figure 1. POC piezoresistive sensing patch for monitoring throat related illness by mapping 

the parotid-swelling/relaxation. 
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