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Abstract: Wearable sensors that measure parameters associated with physical activity and 

bodily motions have been regarded as an indispensable tool for assessing personal wellness. 

Recent advances in nanocomposite strain sensors have been successfully used for monitoring 

skin strains and other strain-derived physiological parameters. This study complements the 

existing body of work and presents a flexible, self-adhering, fabric-based wearable sensor for 

measuring skin strains and human motions. Graphene nanosheet thin films are directly spray-

coated onto kinesiology tape (K-Tape) to obtain a self-adhering strain sensor of high sensitivity 

and linearity. Their stable sensing performance and high repeatability are verified, while human 

subject tests confirm that they adequately capture muscle engagement during functional 

movements. In addition, densely distributed strain monitoring can be achieved using an 

electrical impedance tomography measurement approach and algorithm. Spatial strain sensing 
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is successfully demonstrated using a single strip of piezoresistive K-Tape, as well as when a K-

Tape network or mesh pattern is formed. The results show promise for using graphene K-Tape 

meshes to measure how specific major muscle groups engage during different physical 

activities.  

 
Manuscript:  

The health benefits of physical activity and exercise are well recognized in medicine,[1] while 

inactivity and living a sedentary lifestyle can contribute to higher disease risk factors.[2] These 

risks increase with aging and are worsened by the global obesity epidemic.[3] At the other end 

of the spectrum, athletes and military service members that undergo intense physical training 

and recreational activities can suffer severe overuse injuries.[4] Therefore, the ability to 

accurately monitor the range, amplitude, and quality of bodily movements is critical for 

promoting behavioral changes that yield higher levels of activity, maintaining and enhancing 

personal wellness, improving functional performance, preventing debilitating musculoskeletal 

injuries, and facilitating active rehabilitation.  

 

Wearable sensors that measure parameters associated with physical activity and bodily motions 

have been regarded as an indispensable tool for assessing personal wellness. Among its ~ 350 

million users worldwide (in 2019),[5, 6] mainstream commercialized wearables pack force 

transducers, gyroscopes,[7] accelerometers,[8] and magnetometers in a hardcase accessory,[9] 

such as watches or bracelets,[10-12] to record vital signs (e.g., heart rate, respiration rate, 

peripheral oxygen saturation, and body temperature) and physical activity (e.g., steps). Despite 

their prevalence, they offer limited accuracy[13-15], and their large, rigid, and bulky form factors 

can cause user discomfort or inconvenience, especially for the elderly. Recent advances in 

flexible sensors allow them to be worn at locations where traditional devices would otherwise 

be unsuitable or challenging because of their limited stretch-ability.[16] One approach is to 
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integrate soft and flexible elastomeric sensors with fabric to monitor vitals and physiological 

parameters[17], garments to measure hip, knee, and ankle kinematics,[18] and gloves to monitor 

finger motion, pressure, and tensile forces.[19] However, movement- and motion-induced strains 

in skin may not be effectively nor accurately measured by garment-based sensors due to poor 

strain transfer.  

 

An alternative is to use high-performance, stretchable, elastomeric strain sensors[20] (e.g., using 

nanomaterials including silver nanoparticles[21] or aligned single-walled carbon nanotubes[22]) 

mounted directly onto skin. In particular, graphene possesses extraordinary mechanical, thermal, 

and electrical properties,[31] and many sensors based on graphene exhibit superior sensing 

performance thanks to their topology-dependent, strain-sensitive, electromechanical 

properties.[32-34] For instance, a pulse monitor formed by integrating a crisscross graphene 

woven fabric with polydimethylsiloxane (PDMS) thin film and 3M adhesive tape exhibits ultra-

high gage factor, which enables monitoring of critical features in the pulse waveform.[35] Other 

examples include stretchable graphene oxide (GO) yarns[23] and engraved octopus-inspired 

microsuckers based on reduced GO fabrics in elastomers.[24] Such skin-mounted ultrathin 

nanocomposites can reliably capture finger-bending movements,[25] heartbeat and respiration,[26] 

and eye blinks and radial pulse.[27] Similarly, flexible tattoo-like sensors that integrated smart 

materials (e.g., polyvinylidene fluoride piezo-polymers or gold-silver nanocomposites) with 

serpentine-structured interconnects and skin-like medical tape have also been developed.[28-30] 

Another study has utilized a fish scale-like graphene-based sensing layer and demonstrated high 

sensitivity, stability, and broad sensing range for applications ranging from detecting vitals to 

monitoring joint-bending motions.[36] 

 

Despite these advances, most wearable measurands only provide a global sense of physical 

wellbeing[37] and are unable to monitor specific muscle groups or complex limb motions.[38] 
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Many sensor designs and fabrication processes are also sophisticated, which may be difficult to 

scale. More importantly, most state-of-the-art wearables rely on discrete transducers that only 

measure data where they are instrumented,[39] and full-field physical monitoring still requires 

many sensors, not to mention the associated cabling and data acquisition requirements.  

 

In this study, we introduce a method for capturing distributed muscle engagement and skin 

strains using flexible, self-adhering, fabric-based, wearable sensors. The approach is to 

integrate strain-sensitive graphene nanosheet (GNS) thin films with kinesiology tape (K-Tape) 

as the substrate. K-Tape, which is a unidirectionally stretchable and self-adhering fabric strip, 

is already being used for muscular injury prevention and recovery by directly affixing them in 

unique patterns over major muscle groups.[40] GNS is employed for nanocomposite design, 

because these strain sensors exhibit higher sensitivities, repeatability, and minimal drift as 

compared to ones based on other nanomaterials such as carbon nanotubes. In addition to 

designing a unidirectionally stretchable wearable sensor, the significance of this study is that 

these “Graphene K-Tapes” can directly measure distributed strains when interrogated using an 

electrical impedance tomography (EIT) measurement technique and conductivity 

reconstruction algorithm.  

 

The fabrication process of Graphene K-Tape is illustrated in Figure 1(a). GNS, which is 

synthesized using water-assisted liquid-phase exfoliation (WALPE),[41] is dispersed in an ethyl 

cellulose (EC) solution. Then, the GNS-EC ink is airbrushed onto the exposed rectangular 

region of a masked K-Tape substrate. The scanning electron microscope (SEM) image in Figure 

1(b) shows that GNS-EC is deposited over all individual fabric fibers, as opposed to forming a 

thick continuous film over the fabric. Integration of the film with each fiber enables the 

nanocomposite to deform with the fabric without delaminating, especially under large and 

repeated cyclic strains. The high-resolution SEM image in Figure 1(c) confirms that GNS are 
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effective dispersed, deposited, and characterized by a percolated morphology of overlapping 

flat nanosheets.  

 

The mechanical properties of bare versus Graphene K-Tape are investigated by straining them 

to 100% in monotonic uniaxial tension (Figure 1(d) inset). Figure 1(d) plots their stress-strain 

responses and confirms their nearly identical stress-strain properties, before deviating more 

significantly after ~ 70% strain. More importantly, the GNS-EC thin films do not alter the 

instantaneous stiffness of K-Tape by more than 10% throughout the entire loading history nor 

does it adversely affect its mechanical performance, stretch-ability, and functionality. In 

practice, when K-Tape is used on the body, the expected strains are well below 70%.[42]  

 

The effects of applied strains on GNS microstructure are characterized by micro-Raman 

spectroscopy. Figure 1(e) overlays the Raman spectra of a specimen subjected to uniaxial 

tensile strains from 0% to 10%, and all cases show the three typical GNS peaks (i.e., the D, G, 

and 2D bands at 1340, 1577, and 2692 cm-1, respectively). The low intensity ratio of the D to 

G bands (ID/IG) of 0.03 and high 2D peak intensity for the unstrained case confirm that as-

deposited GNS have few defects. Figure 1(e) also shows that ID/IG decreases with increasingly 

applied tensile strains, indicating strain-induced disruption of the GNS microstructure network. 

In addition, three-dimensional (3D) micro-Raman of a Graphene K-Tape strained to 1% reveals 

the Raman spectra of the specimen probed at different Z depths (Figure 1(f)). The clear 

reduction of G band intensity suggests that GNS-EC films are well-integrated with the fabric 

fibers, where the film thickness is ~ 5 to 15 µm. In addition, Figure 1(g) compares how ID/IG 

increases with depth when the specimen is strained to 1% and 10%. Both Raman spectra exhibit 

the same trend, where higher ID/IG at greater depths may be due to a lower-density GNS network 

at the fabric interface, again, suggesting that GNS-EC is absorbed and infused into the fabric. 

Nevertheless, Figure 1(g) confirms that strains are uniformly applied to the entire GNS-EC thin 
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film, since a uniform change in ID/IG is observed across all depths when greater strains (10%) 

are applied. Furthermore, micro-Raman spectra of the Graphene K-Tape before and after 200 

cycles of loading are plotted in Figure 1(h). The 2D-band intensity and ID/IG value remain stable 

over multiple stretching cycles, indicating no apparent damage due to straining. 

 

After confirming strain-induced morphological changes in the GNS-EC network, the strain 

sensing properties of Graphene K-Tape are characterized via uniaxial tensile and cyclic tests 

while simultaneously measuring their electrical resistance response. Figure 1(i) plots an overlay 

of resistance as a function of strain for four consecutive monotonic tensile tests conducted at 

0.02, 0.05, 0.10, and 0.50 mm/s. The similar responses obtained indicate that Graphene K-Tape 

do not exhibit rate-dependent electromechanical behavior at these strain rates. In addition, their 

sensing response is linear up to ~ 10% strain. Future improvements are needed if they are to be 

applied at bodily locations that undergo significant strains.  

 

Their strain sensitivity (S) or gage factor is then characterized by computing and plotting 

normalized change in resistance (Rn) versus applied strains in Figure 1(i). The slope of the linear 

least-squares regression line fitted to the data from each load cycle is equivalent to S: 

 𝑆𝑆 =
𝑅𝑅𝑖𝑖−𝑅𝑅0

𝑅𝑅0�

∆𝜀𝜀
 (1) 

where R0 is unstrained resistance at 0%, and Ri is resistance due to applied strain (Δε). Separate 

linear regression lines are fitted to each test data, and the calculated sensitivities are similar and 

with an average of ~ 95.9. Figure 1(j) shows a representative resistance time history of a 

Graphene K-Tape subjected to 200 tension cycles to a peak strain of 3%. Overall, the cyclic 

electromechanical response exhibits high stability and closely follows the strain pattern with 

minimal drift, as is evident from Figures 1(j) and 1(k). In addition, complete recovery of initial 

resistance is observed, where its resistance after each unloading cycle is nearly constant. This 
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result is in stark contrast with many flexible polymer nanocomposites, which are viscoelastic 

and exhibits undesirable baseline resistance drift when cyclically loaded. However, Figure 1(j) 

shows that resistance increase is greater during the first several cycles of loading (~ 10) before 

eventually stabilizing, which may be due to initial stress relaxation of K-Tape and EC matrix. 

Nonetheless, separate linear regression lines are fitted to each loading cycle dataset for all 200 

cycles (Figure 1(l)). The average S is ~ 70.0, and the average coefficient of determination (R2) 

is 0.9944, which confirms strong sensor linearity. 

 

Human subject validation tests are then conducted by affixing Graphene K-Tape onto the wrist. 

The sensor is initially mounted when the wrist is unbent, with the back of the hand and forearm 

forming a straight line (Figure 2(a) inset). The entire movement test is also captured by video, 

and a representative resistance time history is plotted in Figure 2(a), where repeatable and stable 

response is observed. Video frames from a cycle of wrist-bending motion are extracted (Figure 

2(b)) and then analyzed by image processing to compute the instantaneous wrist angles. The 

angle and resistance time histories are overlaid in Figure 2(c) and show good agreement. Some 

differences are observed, potentially because wrist bending only strains the midsection of the 

long strip of Graphene K-Tape, so only a portion of the film responds with significant resistance 

changes that contributes to overall sensor nonlinearity. Nevertheless, Figures 2(a) and 2(c) show 

that Graphene K-Tape can be used for sensing both tensile and compressive skin strains.  

 

To further demonstrate its use for monitoring the engagement of different muscle groups, a 

simple sensing network in the shape of a ‘Y’ is assembled by sewing together three separate 

pieces of Graphene K-Tape. The Graphene K-Tape network is then mounted to cover a 

subject’s middle deltoid, posterior deltoid, and triceps. Two-point probe electrical resistance of 

the three Graphene K-Tape elements in the ‘Y’ are simultaneously measured when the subject 

performs various controlled exercise routines. Figures 2(d) and 2(e) plot the resistance time 
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histories when the subject performed repeated push-ups and triceps dips, respectively. Each 

resistance time history shows high repeatability and stability with minimal drift. For each 

physical activity, the disparate waveforms corresponding to different Graphene K-Tape 

elements in the network reflect the engagement of specific muscle groups at different instances 

throughout the functional motion sequence. In general, each sensor strip experiences an increase 

or decrease in resistance when the muscle group underneath is extending or contracting, 

respectively.  

 

In typical sports medicine and rehabilitation practices, multiple strips of K-Tape are applied to 

form an interconnected mesh- or grid-like pattern.[43-46] The results presented insofar 

successfully validate that fabrics can be engineered to measure muscle and skin strains. 

However, as the complexity of Graphene K-Tape networks or “meshes” grows, the 

simultaneous data acquisition of all sensing elements becomes more complicated and 

burdensome. Furthermore, only the average strain (or resistance) of each Graphene K-Tape 

element is resolved by two-point probing. Yet, every location of the GNS-EC thin film is 

sensitive to strain. To fully utilize the entire nanocomposite as a densely distributed strain 

sensor, we introduce an EIT measurement technique and algorithm[47] that can reconstruct the 

conductivity (or resistivity) distribution of the entire Graphene K-Tape using only a limited 

number of measurements acquired at the boundary. Like many tomographic methods, EIT 

provides much higher spatial imaging and sensing resolution while using much fewer electrodes 

(and cabling) than direct two-point probing of the same area.   

 

EIT is a soft-field imaging technique used in numerous biomedical and structural health 

monitoring applications, primarily for visualizing, detecting, and localizing anomalies.[48-51] 

The conductivity (i.e., inverse of resistivity) distribution (σ) of a defined body (Ω) can be 

reconstructed by voltage responses observed along its boundary (∂Ω).[52-54] When a predefined 
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electrical field is applied over Ω, the boundary voltage response is unique, assuming that there 

is no internal current source within Ω. A localized change in conductivity can therefore change 

the boundary voltage response, since the summation of current density within Ω is zero, or,[47] 

 ∇ ∙ (𝜎𝜎∇𝑢𝑢) = 0 (2) 

where 𝛻𝛻u is the electrical field within Ω. Equation (2) constitutes the forward calculation when 

σ is known and when boundary voltage V is sought:  

 𝑉𝑉 = ∇𝑢𝑢 ∙ 𝒏𝒏 (3) 

where n is the unit vector normal to ∂Ω. However, EIT seeks to determine σ for the entire 

conductive body using boundary voltages, which requires solving Equation (2) as an inverse 

problem. Numerical methods such as a finite element (FE) model is usually implemented for 

solving the weak formulation of Equation (2). The boundary voltage V can be experimentally 

acquired by measuring voltage potential responses between equidistantly-spaced electrodes 

instrumented along 𝜕𝜕Ω, and the electrical field over Ω can be induced by injecting a direct 

current (DC) to one electrode and grounding at another. While current is injected, voltage 

potentials between all adjacent pairs of electrodes are measured. Multiple sets of unique voltage 

measurements can be obtained by injecting current between different electrode pairs. The 

complete electrode model considers the influence from each electrode’s contact impedance: 

  ∫ 𝜎𝜎 𝜕𝜕𝜕𝜕
𝜕𝜕𝒏𝒏
𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑙𝑙

0
𝐸𝐸𝑙𝑙

 (4a)  

 𝑢𝑢 + 𝑧𝑧𝑙𝑙𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝒏𝒏

= 𝑉𝑉𝑙𝑙 (4b) 

where El denotes the lth electrode, Il and Vl are the current and voltage potential over the same 

electrode, respectively, while zl represents the electrode’s contact impedance. The discrete 

forms of Equations (2) and (4) constitute the FE problem to be solved. Conventionally, σ is 

evaluated via iterative least-squares estimation, which can be computationally expensive and 

extremely sensitive to noise. In this work, a one-step linear inverse solver that calculates the 

change in conductivity distribution (Δσ) before- and after straining the K-Tape is adopted. In 



  

10 
 

particular, the maximum a posteriori (MAP) method assumes that the empirical condition 

before and after loading remains identical:[55, 56]  

 ∆𝜎𝜎 = (𝐻𝐻𝑇𝑇𝑊𝑊𝑊𝑊 + 𝜆𝜆𝜆𝜆)−1𝐻𝐻𝑇𝑇𝑊𝑊∆𝑉𝑉 (5) 

where ΔV is the change in boundary voltage response, H is the sensitivity matrix linearly 

mapping Δσ to ΔV, and W is the weighing matrix. To smooth out the linear transformation, a 

Tikhonov regularization matrix R is employed and controlled by the hyperparameter 𝜆𝜆. Once 

the change in conductivity distribution is determined, a calibration curve can be used to convert 

Δσ to the physical parameter of interest, such as the change in strain between two states. 

 

Therefore, to demonstrate densely distributed strain sensing, a Graphene K-Tape with 14 

boundary electrodes (formed using sewn conductive threads and colloidal silver paste) is 

adhered onto the subject’s knee (Figure 3(a)). A baseline boundary voltage dataset is acquired 

when the knee is unbent (180°). Then, subsequent EIT boundary voltage datasets are obtained 

when the knee was bent to different angles, where bending angle is estimated using an XSENS 

DOT inertial measurement unit. Each of these datasets, as well as the unbent baseline case, are 

used as inputs for the EIT inverse problem to reconstruct the conductivity distribution of the 

Graphene K-Tape. Figure 3(b) shows a representative set of EIT results, where each EIT image 

is the change in conductivity distribution of the specimen with respect to when the knee was 

unbent. Figure 3(b) shows that the middle portion of the Graphene K-Tape (i.e., corresponding 

to the region above the kneecap) decreases in conductivity as bending angle increases, straining 

the skin in tension.  

 

A similar EIT test is performed with a smaller Graphene K-Tape (with eight boundary 

electrodes) mounted onto a subject’s wrist. By bending the wrist back and forth, similar to 

Figure 2(b), both localized tension and compression are induced at the wrist joint. The 

corresponding conductivity maps shown in Figure 3(c) verify that EIT can capture the 
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magnitudes and locations where localized compressive and tensile strains are induced during 

wrist bending.  

 

In addition to identifying the locations and magnitudes of skin strains, muscle engagement 

monitoring during different functional movements also requires sensing the directionality of 

strains when Graphene K-Tapes are mounted over major muscle groups. Therefore, we have 

designed “Graphene K-Tape Meshes” in the shape of an elongated hexagon, which resemble a 

truss-like structure with interconnected high aspect ratio Graphene K-Tape elements or struts 

as shown in Figure 3(d). The shape of this mesh is inspired by how K-Tape strips are applied 

over major limbs and joints, such as the leg and knee. In practice, the geometry and design of 

Graphene K-Tape Meshes can be tailored to the specific region of interest. Each strut in the 

hexagonal pattern is labeled according to Figure 3(e), where ‘D’ is for diagonal and ‘H’ is for 

horizontal elements. Graphene K-Tape Meshes are fabricated by pre-cutting a large, bare, K-

Tape to form the desired pattern, before spray-coating the GNS-EC nanocomposite. Six 

conductive thread electrodes are sewn at the interconnecting nodes along the specimen’s 

boundaries (Figure 3(d)). Then, distributed strain sensing is validated by affixing the Graphene 

K-Tape Mesh onto a polyethylene terephthalate (PET) substrate and conducting monotonic, 

uniaxial, tensile testing in the vertical direction (Figure 3(d)). EIT boundary voltage 

measurements are obtained at every 0.5% interval and up to a peak strain of 2.0% to prevent 

plastic deformation of PET. Voltage measurements for each strain state, as well as for the 

baseline unstrained case, are used as inputs for solving the EIT inverse problem.  

 

Figure 3(f) shows a representative set of EIT results that map the Graphene K-Tape Mesh’s 

change in conductivity with respect to its unstrained state. As expected, Figure 3(f) shows that 

all the diagonal D1 to D8 struts decrease in conductivity in response to tensile strains. Similarly, 

horizontal H1 to H4 elements increase in conductivity due to compression because of Poisson’s 
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effect. These results are consistent with the electromechanical properties of Graphene K-Tape 

shown in Figure 1(k). However, the bottom half of the Graphene K-Tape Mesh seems to 

respond more significantly to strains, while the top half started with a large change in 

conductivity even at low levels of applied strains. This may be due to slight misalignment and 

pre-tensioning of the top half of the Graphene K-Tape Mesh during initial specimen mounting. 

Nevertheless, closer examination of these EIT results in Figure 3(f) show that the diagonal 

elements experience a decrease in conductivity (or increase in resistivity) in tandem with 

increasing tensile strains. The exception to this is the D4 strut; when strained to 1.5%, the 

change in conductivity is close to 0. This may have been due to poor adhesion of the D4 strut 

to the PET substrate, which then delaminated when strained to 1.5%. For the horizontal 

elements, H2 to H4 show an expected and consistent increase in conductivity (or decrease in 

resistivity) with increasing applied tension.  

 

Upon validating distributed strain sensing through load testing, a Graphene K-Tape Mesh was 

also affixed over a subject’s biceps, and EIT datasets are obtained when the subject’s biceps 

are relaxed and flexed (Figure 3(g). The change in conductivity map in Figure 3(h) show that 

the conductivities of H1 to H4 all decrease due to tension caused by flexing of the biceps. The 

opposite response is observed along the direction of the arm, where flexing induces 

compression and thus an increase in conductivity (or decrease in resistivity) of D1 to D8. 

Overall, the pattern of the EIT conductivity map matches physical observations during testing 

and agrees with previous results shown in Figures 1(k) and 2(c). Furthermore, one can also 

observe significant conductivity changes near H4 and the right-hand-side portions of D2, D4, 

D7, and D8 (i.e., near (ii) in Figure (3(f)). When the biceps are flexed, the subject’s skin near 

the elbow wrinkles due to significant local compression, and this response is captured by the 

EIT result in Figure 3(h). Compressive strain concentrations at the interconnecting strut nodes 

at the top and bottom of the Graphene K-Tape Mesh are also revealed in Figure 3(h).  
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In summary, we present in this work self-adhering Graphene K-Tape that functions as a low-

profile, highly stretchable, wearable strain sensor. Tensile cyclic load tests have confirmed their 

stable, repeatable sensing behavior, and their strain sensitivity or gage factor ranges from ~ 70 

to 95 depending on film fabrication parameters. When applied over major muscle groups in 

subjects’ limbs, the results confirm that muscular engagement during different functional 

movements can be accurately monitored. Moreover, densely distributed strain and strain field 

monitoring are successfully demonstrated by coupling continuous and patterned Graphene K-

Tape with an EIT measurement technique and inverse algorithm. Due to the unidirectional 

stretch-ability of K-Tape, custom-made networks can be designed and affixed onto the body 

according to one’s anatomical structure. Graphene K-Tape Meshes enable unidirectional strain 

magnitude mapping along each of its struts without being significantly affected by Poisson’s 

effect. Overall, these Graphene K-Tape sensors complement the rich body of work on wearable 

sensors, while EIT offers a unique and efficient method for extracting distributed human motion 

information from piezoresistive nanocomposites. To the best of our knowledge, this is the first 

time where patterned nanocomposite sensors and EIT are used together for densely distributed 

skin-strain monitoring. Based on these findings, we believe that the visualization of strain 

distribution during functional movements can be insightful for physical therapy, rehabilitation, 

personal training, sports medicine, and mobility disability applications.  

 

Additional work is needed before Graphene K-Tape can be deployed for personal use or in 

healthcare settings. Future work will focus on charactering the accuracy of distributed skin-

strain monitoring and comparing the results with an industry gold standard such as digital image 

correlation. Understanding how Graphene K-Tapes respond to tri-planar joint rotations and how 

they correlate with motion capture measurements will enable even broader healthcare, fitness, 

and visual arts applications.  
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Experimental Methods 

GNS-EC Solution: As-synthesized GNS were used for preparing the sprayable ink. Ethyl 

cellulose was added to 200 proof ethanol to obtain a 2 wt.% EC-ethanol solution, followed by 

24 h of continuous stirring. GNS was then added to the EC-ethanol solution at a concentration 

of 15 mg/mL, and the solution was bath sonicated for 2 h (150 W, 22 kHz). Next, the viscosity 

of the dispersion was adjusted by heating to 60 °C for ~ 12 min using a digital hotplate to allow 

a portion of ethanol to evaporate. The sprayable GNS-EC ink was obtained once the solution 

cooled to room temperature.  

 

Graphene K-Tape Fabrication: Prior to spray-coating the nanocomposite, the non-adhesive 

side of K-Tape was masked to define and form a specific rectangular region for film deposition. 

A Paasche airbrush was then employed to manually spray-coat the GNS-EC ink onto the 

exposed region of the K-Tape. A total of three film layers were deposited, pausing ~ 2 min in 

between each layer to allow the ink to dry completely. The final step then entailed drop-casting, 

using a pipette, a thin trace of GNS-EC ink over the spray-coated film and allowing the entire 

specimen to dry for at least 1 h. Drop-casting was performed to allow the GNS-EC ink to 

enhance the overall uniformity and electrical conductivity of the nanocomposite. The final step 

involved forming electrodes at appropriate locations on the specimen (e.g., at opposite ends to 

form a two-point probe measurement setup). Conductive threads were sewn into and over the 

nanocomposite and K-Tape. A thin dab of colloidal silver paste (Ted Pella) was applied on top 

of the sewn threads and film for minimizing contact impedance.  

 

Imaging and Spectroscopy: High resolution field-emission SEM (HR-SEM) was conducted 

with a JEOL JSM-7900F scanning electron microscope. Micro-Raman scattering studies were 

carried out at ambient condition with a confocal micro-Raman spectrometer (JASCO NRS 5100) 
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equipped with a 532 nm laser excitation. The spectrometer was carefully calibrated by the 

silicon band at 520 cm-1 using a silicon wafer. Its laser power was maintained 

at 0.45 mW for a 5-s acquisition time throughout the experiment to avoid thermal effects. 

Spectra were background subtracted and averaged from 100 random positions on each specimen. 

In addition, 3D micro-Raman measurement was conducted by repeating the measurements at 

different Z-positions. 

 

Mechanical Characterization: Monotonic, displacement-controlled, uniaxial tensile tests were 

performed on bare rectangular (~ 25×100 mm2) K-Tape and Graphene K-Tape specimens using 

a Test Resources 100R load frame. Each specimen was strained to 100% at a constant loading 

rate of 0.1 mm/s. The load frame’s crosshead displacements and applied load were recorded at 

10 Hz. Specimen dimensions were measured using a digital caliper.  

 

Sensing Characterization: Graphene K-Tape specimens were subjected to monotonic, uniaxial, 

tensile tests (to peak strains of 1% to 15% at a constant loading rate of 0.1 mm/s) and tensile 

cyclic tests (200 cycles to a peak strain of 3%) using a Test Resources 100R load frame while 

simultaneously measuring their two-point probe electrical resistance. Besides recording the 

load frame’s crosshead displacement and applied load during these electromechanical tests at 

10 Hz, electrical resistance of each specimen was recorded using a Keysight 34465A digital 

multimeter (DMM) sampling at ~ 1.5 Hz. 

 

Human Subject Testing: The human subject study was approved by the University of California 

San Diego, Institutional Review Boards, Human Research Protection Program, under Project 

#191806X, and informed written consent was obtained from all subjects. First, Graphene K-

Tape was affixed onto the wrists of human subjects for bending motion monitoring. The 

wearable sensor was initially mounted when the wrist was unbent (0º), with the back of the 
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hand and forearm forming a straight line. Then, the subject slowly bent the wrist downwards 

until a maximum range of motion was reached, before returning past the initial position and 

bending upwards until a maximum range of motion was reached again. The entire motion was 

performed at approximately the same rate. This wrist bending motion was repeated several 

times, while the Keysight 34465A DMM sampled electrical resistance at ~ 1.5 Hz. The entire 

movement test was captured using video, and individual frames were extracted during image 

processing to quantify the angle of rotation of the wrist. Second, three separate pieces of 

Graphene K-Tape were sewn together using conductive threads to form a network the shape of 

a ‘Y’, which was then affixed onto the subjects’ middle deltoid, posterior deltoid, and triceps 

area. The subject performed various controlled physical activities, including push-up, triceps 

dips, lateral shoulder raises, and punching motions. Two-point probe resistance of the three 

Graphene K-Tape elements in the ‘Y’ were simultaneously interrogated using a Keysight 

34980A multifunctional switch with a built-in DMM sampling at ~ 8 Hz. 

 

Densely Distributed Strain Monitoring using EIT: Four sets of tests were conducted to validate 

densely distributed strain monitoring using Graphene K-Tape Meshes. The first test entailed 

adhering a Graphene K-Tape over a subject’s knee. Controlled knee bending was performed 

while EIT measurements were obtained. The second test was similar, except that the Graphene 

K-Tape was affixed on the wrist, and both tension and compression were induced while the 

wrist was bent back and forth. The third test was done by attaching the Graphene K-Tape Mesh 

onto a polyethylene terephthalate (PET) sheet. Uniaxial, monotonic, tensile tests were 

performed using a Test Resources 100R load frame. Specimens were stretched at a constant 

loading rate of 0.1 mm/s to a peak strain of 2.0%, pausing at 0.5% intervals to allow time for 

EIT measurements. The fourth test affixed a Graphene K-Tape Mesh onto a subject’s biceps, 

followed by performing repeated bicep curls. During both tests, a customized DAQ system 
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consisting of a Keithley 6221 current generator and a Keysight 34980A multifunctional switch 

was employed for applying EIT excitations and acquiring boundary voltage measurements.  
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Figure 1. Material properties of Graphene K-Tape are examined by SEM and Raman 
spectroscopy, and the sensing performance of Graphene K-Tape are characterized. (a) The 
fabrication process of Graphene K-Tape is illustrated. An SEM image of the Graphene K-Tape 
surface shows (b) the nanocomposite coating individual fabric fibers and (c) at higher resolution 
the GNS morphology. (d) A comparison of stress-strain responses between bare K-Tape and 
Graphene K-Tape confirms that the film does not adversely affect mechanical properties of the 
fabric. The inset shows a Graphene K-Tape mounted in a load frame and stretched to 100%.  (e) 
An overlay of Raman spectra corresponding to different magnitudes of applied uniaxial tensile 
strains shows that ID/IG decreases in tandem with increasingly applied tensile strains. (f) The 
Raman spectra of a Graphene K-Tape strained to 1% are probed at different Z depths, with Z=0 
being the top surface of the film. (g) The ID/IG values are plotted as a function of depth when 
the specimen is strained to 1% and 10%. (h) Micro-Raman spectra of a Graphene K-Tape before 
and after 200 cycles of loading are shown. (i) An overlay of normalized change in resistance as 
a function of applied strain is plotted for four consecutive monotonic tensile tests conducted at 
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0.02, 0.05, 0.10, and 0.50 mm/s. A linear least-squares regression line is fitted to each curve up 
to 10% strain to estimate strain sensitivity. (j) A specimen is subjected to tensile cyclic load 
tests to a peak strain of 3%, and the electrical resistance time history is plotted. (k) A close-up 
view of a portion of its electromechanical response is shown and is overlaid with the applied 
strain pattern. (l) Linear fitting is performed for each of the 200 load cycles, and the strain 
sensitivities and corresponding R2 values are plotted.  
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Figure 2. Human subject tests are conducted with the individual wearing Graphene K-Tapes on 
different parts of the body. (a) A Graphene K-Tape is affixed onto the subject’s wrist, and the 
resistance time history recorded while the subject is performing repeated wrist bends is plotted. 
(b) Individual frames are extracted from video taken of the wrist bending test. (c) Image 
processing is employed to determine instantaneous wrist angles, and the results are overlaid 
with the Graphene K-Tape’s resistance response, which shows good agreement. Human subject 
tests are also conducted with the individual wearing a network of three Graphene K-Tape 
sensors connected to form a ‘Y’ pattern on the upper-arm-shoulder region. The resistance time 
histories of the Graphene K-Tape network when the subject performed repeated (d) push-ups 
and (e) triceps dips are shown. Each sensing element in the network exhibits a unique waveform 
depending on whether the sensor is located over the middle deltoid, rear deltoid, or triceps.  
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Figure 3. Continuous Graphene K-Tape and Graphene K-Tape Meshes are fabricated and tested 
to validate densely distributed strain sensing. (a) A Graphene K-Tape is adhered onto the knee 
of the subject. (b) A representative set of EIT results is shown. Each EIT image is the change 
in conductivity distribution of the specimen with respect to when the knee was unbent (θ=180°). 
Localized decreases in conductivity due to greater tension induced during knee bending are 
observed. (c) EIT successfully captures the magnitudes and locations where localized 
compressive and tensile strains are induced during wrist bending motions. (d) A Graphene K-
Tape Mesh is affixed onto a PET substrate and mounted in a load frame for monotonic, uniaxial, 
tensile testing. (e) Each of the 12 struts is labeled accordingly, where ‘H’ stands for horizontal 
and ‘D’ stands for diagonal. (f) EIT is used to reconstruct the change in conductivity distribution 
(with respect to its unstrained state) of the specimen when subjected to different strain states 
(0.5% to 2.0%). (g) Human subject tests are performed by affixing a Graphene K-Tape Mesh 
onto the biceps area. EIT is used to interrogate the specimen while the subject performed a 
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controlled curling motion. (h) The normalized change in conductivity distribution when the 
subject’s biceps are flexed (with respect to the relaxed state) is shown.  




