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ABSTRACT 
 
Wearable sensors have garnered considerable public 

interest due to increased personal health awareness. In 
addition, wearables can be particularly beneficial for the 
military, athletic, and healthcare industries. However, most 
wearables today are still based on rigid, bulky, electronic 
devices. On the contrary, sensors in the form of patches are 
more conformable to the human body and are capable of 
distributed sensing. For this reason, a self-adhesive, elastic-
fabric-based, skin-strain sensor for quantifying functional 
movements and muscle engagement was developed. In this 
study, these wearable sensors, or Motion Tapes, were tested 
on individuals performing different functional and exercise 
movements. Data from Motion Tapes were compared against 
optical motion capture. In general, consistent sensing 
responses were obtained and confirmed, which demonstrated 
their promise as a versatile and field-deployable wearable 
sensor for functional movement assessment and monitoring. 
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1 INTRODUCTION 
 
The advent of personal wellness-related technologies in 

recent years has drawn immense interest and awareness for 
physiological and movement monitoring among all walks of 
life. While many commercially available wearables can track 
vital signs and motion [1, 2], assessing how people move and 
how muscles engage remain difficult (i.e., besides using 
external camera-based systems). These worn devices, which 
mostly rely on rigid, bulky, electronic parts, that measure 
several modalities of physiological parameters (e.g., heart 
rate, respiration, SpO2, step counts, etc.) are only able to 
provide a global sense of personal wellness [3-5].  

Besides personal wellness, the military, professional and 
collegiate sports, and personal fitness industries are focused 
on developing new skills, preventing injuries, and improving 
physical performance. As a result, there is a need for 
wearable sensors that can quantify functional movements 
during training, athletic competitions, or forward-deployed 
conditions. To meet these constraints, a flexible and low-
profile wearable sensor that can detect and quantify how 
people move and in real-time is needed. 

A straightforward way to quantify movements is to 
measure skin-strains. Recent advances have enabled the 
integration of stretchable strain sensors in garments or 
elastomers [6-8]. Kurian et al. [9] developed graphene-
carbon black-silicone rubber composites for strain sensing. 
Yao and Zhu [10] integrated silver nanowire electrodes with 
Ecoflex to create a capacitive strain sensor for human motion 
monitoring. Piezoelectric PVDF-based sensors have also 
been studied by Liu et al. [11] for respiration monitoring. For 
these skin-mounted sensors, excellent sensor adhesion must 
be ensured to maximize strain transfer. Some of these sensors 
also require sophisticated or costly fabrication processes, 
which can affect their scalability and widespread adoption. 

The work presented here builds on the existing body of 
work and discusses a low-profile skin-strain sensor based on 
nanocomposites integrated with self-adhesive elastic fabric 
tape. The objective is to showcase the versatility of this 
sensor, herein referred to as “Motion Tape,” and its broad use 
on different parts of the body for sensing muscle engagement 
and joint rotations. In particular, human participant studies 
of Motion Tape applied on major muscles/joints in the upper- 
and lower-body are presented. Overall, highly sensitive and 
repeatable sensor responses were verified and validated.  

 
2 EXPERIMENTAL DETAILS 

 
2.1 Motion Tape Design and Fabrication 

 A graphene-nanosheet-based nanocomposite thin film 
was developed and integrated with commercial kinesiology 
tape to form a lightweight, stretchable, self-adhesive, fabric-
based strain sensor (figure 1). Fabrication details are reported 
in Lin et al. [12]. In short, Motion Tapes were fabricated by 

  
Figure 1: A pair of Motion Tapes were affixed onto a 

subject’s Lumbar region. 
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spray coating and drop-casting graphene nanosheet ink onto 
K-Tape. Then, electrodes were formed by curing a silver-
based, flexible, conductive ink (Voltera) at 100 ºC for 72 h 
before soldering multi-strand wires onto these silver pads.  

 
2.2 Data Acquisition System 

In this study, three different data acquisition (DAQ) 
systems were used for collecting Motion Tape sensing 
streams, depending on testing needs. First, a National 
Instruments equipped with a PXIe-4082 digital multimeter 
(DMM) DAQ card was employed to measure the electrical 
resistance of a single Motion Tape at a high-sampling rate 
(~300 Hz). Second, simultaneous resistance measurements 
of multiple Motion Tapes were achieved using a Keysight 
34980A multifunctional switch with an internal DMM. Third, 
the Vicon Lock Lab was used to record time-synchronized 
analog Motion Tape data along with Vicon optical motion 
capture 3D marker position data. Each sensing channel 
included a voltage divider circuit powered by an Agilent 
E3642A direct current power supply operating at 1 V.  

 
2.3 Optical Motion Capture Verification 

Optical motion capture (mocap), which utilizes a set of 
cameras to track retroreflective markers worn on human 
subjects, is regarded as the industry gold standard for human 
motion and kinematic monitoring. In this study, Motion Tape 
response was contrasted with strains calculated from 3D 
position data as measured by a 12-camera Vicon mocap 
system. Markers were affixed adjacent to each Motion Tape 
electrode (figure 1) to track their initial length and 3D 
displacements during testing to estimate skin-strains.  

 
3 UPPER BODY APPLICATIONS 

 
3.1 Biceps  

A subject performed controlled standing biceps curls 
using a 3 lb and 5 lb weights. A Motion Tape was affixed 
onto the subject’s upper arm, perpendicular to the direction 
of the muscle fibers. It can be observed from figure 2 that 
Motion Tape successfully captured bicep flexion. Sensor 

response was high stabile and repeatable, with minimal drift, 
throughout the five repetitions. When comparing the sensor 
responses between the 3 and 5 lb cases, figure 2 shows that 
Motion Tape outputted a greater change in resistance for the 
5 lb case, consistent with greater force exertion. The range-
of-motion (ROM) for both tests are approximately the same. 

 
3.2 Triceps 

A subject performed triceps extensions using different 
weights (i.e., 2, 5, 10, 20, and 25 lb), while Motion Tape 
resistance was recorded. Figure 3 overlays the resistance 
time histories for one triceps extension repetition performed 
using different weights. The peak resistance amplitude 
increased in tandem with increasing weight. It should also be 
noted that its baseline resistance returned to approximately 
the same value following every repetition (figure 3). In 
addition, the subject performed triceps extensions to 
different angles, as confirmed by the angle measurements 
using a pair of XSens DOT inertial measurement units (IMU) 
mounted on the upper and lower arms. Figure 4 compares the 
Motion Tape resistance history with the triceps extension 
angle as measured by the IMUs. Good correlation can be 
qualitatively observed. In general, the resistance amplitude 
increased as the arm was extended to a greater angle, which 
led to greater flexion of the triceps muscles and skin-strains.  

 
Figure 2: Motion Tape resistance time histories when a 

subject performed bicep curls using a 3 lb and 5 lb weight 
are overlaid for comparison. 

 
Figure 3: Motion Tape resistance time histories when 

triceps extensions were performed with 2, 5, 10, 20, and 25 
lb weights are overlaid.  

 

 
(a) (b) 

Figure 4: (a) The resistance of a Motion Tape was recorded 
when (b) the subject performed triceps extensions to 

different angles, which was measured by IMUs on the arm. 
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3.3 Shoulder  

To move beyond discrete sensing and to validate 
muscular engagement monitoring at specific body regions, 
three Motion Tapes were sewn together to form a simple 
sensing network. The sensing network was then mounted to 
cover the middle deltoid, rear deltoid, and the triceps (figure 
5). The subject performed lateral shoulder raises as the DAQ 
system collected two-point probe resistance of all three 
Motion Tapes. Figure 6 shows that distinctive resistance 
waveforms were acquired from each Motion Tape element 
within the network, which reflected the engagement of 
specific parts of the shoulder during functional movement. 

 
4 LOWER BODY APPLICATIONS 

 
4.1 Lumbar and Back 

Two symmetric Motion Tapes were adhered vertically 
and near the lower back and lumbar region, with one on each 
side of the spine. The subject bent her upper body forward 
four times, and Motion Tape and mocap measurements were 

recorded using the Vicon system. Figure 7 overlays the strain 
calculated from mocap marker position data and the voltage 
time history of one of the Motion Tapes. In general, the strain 
and voltage time histories showed good correlation; 
however, mocap strains seemed to show a positive drift in 
strain, which may be an error caused by how the 3D position 
data were used to calculate initial length of the Motion Tape.  
 
4.2 Knee 

A Motion Tape was affixed to the back of a subject’s 
knee (i.e., popliteal fossa and commonly known as the knee-
pit) to quantify the level of knee bending. Motion Capture 
voltages and mocap data were simultaneously acquired. 
Figure 8 plots an overlay of the two data streams during two 
cycles of knee bending, where mocap markers on the 
subject’s knee and upper and lower legs were used to 
calculate joint angles. It can be seen from figure 8 that the 
Motion Tape voltage response compares well with the 
derived angles of knee bending. However, the Motion Tape 
voltages showed some local minima during the movement 
sequence, which was not captured by mocap. This was likely 
due to skin-strains induced by ligament and tendon actions 
during knee bending.  
 
4.3 Calf and Tibialis Anterior 

Motion Tapes were also affixed onto a subject’s calf and 
tibialis anterior, in a direction parallel to the muscle fibers. 
The subject performed two repetitions of controlled squats, 

 
Figure 5: A Motion Tape sensing network was affixed over 

the shoulder region. 

Figure 6: Motion Tape resistance time histories for sensing 
elements near the middle deltoid, rear deltoid, and triceps  

during lateral shoulder raises are plotted. 

Figure 8: A Motion Tape on the knee-pit was used to 
measure the angle of knee bending, which was obtained 

from mocap. 

 
Figure 7: Motion Tape response on the lumbar during 

bending was compared with strain calculated from mocap.  
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while the Vicon system recorded Motion Tape voltage time 
histories and calculated knee flexion angles from mocap data 
(figure 9). During each squat, the results showed significant 
changes in Motion Tape voltage when the respective muscles 
were engaged. When the subject squatted down, the Motion 
Tapes showed that the skin-strains over the tibialis anterior 
was in tension, while compression was observed at the calf 
muscles (i.e., indicating contraction) in figure 9.  

 
5 CONCLUSIONS 

 
In this study, applications of human functional movement 

and muscle engagement monitoring were demonstrated 
using a self-adhesive, elastic-fabric-based, Motion Tape 
skin-strain sensor. A variety of human participant tests were 
performed by affixing Motion Tapes over major muscle 
groups and joints in the upper and lower body. The results of 
Motion Tapes were also compared with data from optical 
motion capture and IMUs. Good agreement between Motion 
Tape and reference measurements was observed. In addition, 
stable and repeatable sensor properties were confirmed. The 
plethora of tests demonstrated the versatility of Motion Tape 
while illustrates its potential for military, athletic, virtual 
reality, performing arts, and healthcare applications.   
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Figure 9: (top) Mocap captured two cycles of squats, while 
Motion Tape measurements near the (middle) tibialis 

anterior muscle and (bottom) calf were recorded. 
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