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ABSTRACT 
 

Diastasis recti abdominis (DRA), a common postpartum condition marked by the 
separation of the rectus abdominis muscles, can impair core stability, respiratory 
efficiency, and pelvic floor function. Despite the demonstrated clinical benefit of 
targeted exercise interventions, there is an urgent need for wearable technologies that 
could precisely assess rehabilitation progress and outcomes. This work presents a 
soft, low-profile, reusable, wearable sensor designed for high-resolution, real-time 
monitoring of abdominal mechanics during core-focused exercises. The skin-strain 
sensors were fabricated by sandwiching a multi-walled carbon nanotube thin film 
within two elastomer layers. Female participants with no history of childbirth were 
recruited to perform clinically relevant tasks, such as diaphragmatic breathing and 
various exercises. Wearable sensor skin-strain data, surface electromyography, and 
commercial respiration belt measurements were recorded for comparison. The results 
confirmed the system’s ability to resolve task-specific variations in skin-strain while 
providing insights into muscle coordination and respiratory performance. The vision 
is to leverage these unique sensing streams to provide patients with real-time 
feedback while deriving data-driven, personalized rehabilitation strategies. 

 
 

INTRODUCTION 

Women, who give birth either via cesarean delivery or vaginal birth, are 
susceptible to various postpartum complications, including hemorrhage, infection, 
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and prolonged recovery times [1, 2]. Among these, diastasis recti abdominis (DRA) 
is a prevalent condition characterized by the abnormal separation of the medial 
borders of the rectus abdominis muscles that exceeds 2 cm [3]. DRA often develops 
during late pregnancy and may persist into the postpartum period. It has been 
associated with impaired core stability, abdominal wall protrusion, pelvic floor 
dysfunction, and low-back pain. If left unmanaged, DRA may progress to more 
severe outcomes such as lumbopelvic instability, herniation, and visceral 
displacement [4]. Beyond physical impairments, changes in abdominal appearance 
can negatively impact self-image and psychological well-being, which contributes to 
body dissatisfaction and elevated emotional stress [5].  

Targeted exercise interventions have shown clinical efficacy in restoring core 
function and mitigating DRA-related symptoms [6]. However, existing tools for 
monitoring rehabilitation progress are limited in scope. Most commercial wearable 
devices only track general metrics such as motion, heart rate, temperature, and blood 
pressure [7-9]. This limitation hinders the accurate evaluation of functional recovery 
and constrains the development of personalized rehabilitation strategies. 

To address this unmet need, this work introduced a soft, low-profile, reusable 
wearable sensor for continuous, high-resolution monitoring of muscle engagement 
and respiratory effort during core-focused rehabilitation. The system couples a 
nanocomposite-based strain sensor with a custom wireless data acquisition (DAQ) 
node to achieve real-time skin-strain measurements associated with core activation 
and breathing dynamics [10]. The system was evaluated in women without a history 
of childbirth, performing clinically relevant tasks, including standard breathing and 
core bracing. Data from the wearable sensor, commercial respiration belt, and surface 
electromyography (sEMG) were analyzed to characterize abdominal mechanics [11].  
 
 
EXPERIMENTAL DETAILS 
 
Wearable Sensor Fabrication  
 

The flexible, reusable, wearable skin-strain sensor was developed for direct skin 
contact while possessing high sensitivity to capture subtle physiological skin-strain 
changes during different movements. The sensors were fabricated by sandwiching a 
piezoresistive multi-walled carbon nanotube (MWCNT) thin film between two 
Ecoflex™ silicone elastomer layers (Figure 1). First, a base layer of Ecoflex™ was 
cast and cured on a glass substrate. Next, the active sensing layer was formed by 
sequentially drop-casting three layers of MWCNT ink to create a rectangular film, 
followed by thermal curing after each deposition step to ensure layer uniformity and 
adhesion. Electrodes were established by painting stretchable silver ink at both ends 
of the film before soldering single-strand wires. Finally, a top encapsulation layer of 
Ecoflex™ was applied and cured, forming a fully enclosed, stretchable device. The 
completed sensor was then peeled from the glass substrate and could be used as is.  

 
Wireless DAQ Node Design  
 

Data collection was accomplished using a custom-designed wireless DAQ board. 
This board was built around an ESP32-C3 (Espressif Systems), a 160 MHz RISC-V-



 

based microcontroller with an integrated 2.4 GHz transceiver. The sensing streams 
were collected using a voltage divider network and the Analog Devices AD7689 
analog-to-digital converter (ADC). This 16-bit successive approximation register 
(SAR) ADC includes a buffered reference voltage for low-noise and power supply 
isolation alongside a multiplexer and sequencer for simultaneous sampling across up 
to eight sensors. These components and supporting hardware (i.e., power regulation, 
LED indicators, programming interface, and additional sensors) were assembled onto 
a custom printed circuit board (PCB) and housed in a 3D-printed enclosure (Figure 
2). The final board was connected to a 3.7 V, 20,00 mAh lithium-ion polymer battery, 
with the DAQ consuming approximately 80 mA during active data collection. 

The ADC was configured to sample at a high rate, with ~5 µs sampling time per 
channel, as it sequences across all eight channels. These sample points are packaged 
and transmitted over Wi-Fi for final data collection. The DAQ then holds for a short 
period before sampling again to achieve the desired net sampling rate of 200 Hz.  

 
Electromechanical Characterization  
 

Electromechanical tests were conducted using a Test Resources 100R load frame, 
which applied monotonic, uniaxial, tensile cyclic loads (i.e., 20 cycles to a peak strain 
of 3.5%) to wearable sensor specimens. During testing, two-point probe electrical 
resistance was recorded using a Keysight 34465A digital multimeter operating at 
~1.5 Hz. The load frame also recorded crosshead displacement (for calculating the 
applied strains) and applied load at a sampling rate of 20 Hz. 

 
Human Participant Testing 
 

The study protocol was approved by the University of California, San Diego 
Institutional Review Board (IRB) under Project No. 191806, and written informed 
consent was obtained from each participant. To enable targeted monitoring of the 
affected regions and to quantitatively assess participant performance during exercise 
tasks, wearable sensors were fabricated and strategically placed on the left and right 
external intercostal muscles, rectus abdominis, and rhomboid muscles (Figure 3). 
Each sensor was affixed onto the skin by applying 3M Tegaderm™ film over the 
sensor and skin area. The sensors were then connected to the wireless DAQ node. In 
parallel, sEMG data were collected at the same anatomical locations as the wearable 
sensors for comparative analysis of muscle activation. A commercial Venier 

  
Figure 1. The wearable sensor with an 

MWCNT film sandwiched in elastomer layers 
 

Figure 2. The top view of the wireless DAQ 
protected by a 3D-printed enclosure 

 
 



 

respiration belt was also worn over the chest to serve as a reference for respiratory 
activity. The recorded signals were normalized to baseline values and processed 
using a basic outlier filter to remove corrupted data caused by wireless transmission 
artifacts. 

Participants performed controlled activities to validate the wearable sensors. 
First, the subject completed three cycles of at-rest (normal) breathing. Second, three 
biceps curls were performed with weights while maintaining controlled breathing to 
evaluate essential muscle activation. Last, participants executed a standing crunch 
involving full-body extension, followed by flexion and a return to the upright posture. 
Distinct resistance peaks were anticipated across the various trials due to task-specific 
skin-strain profiles. To enhance consistency between tests and across participants, 
each individual was instructed to maintain (1) a fixed gaze point to stabilize visual 
reflexive tone, (2) a neutral head position to optimize vestibular alignment, and (3) a 
resting tongue position on the roof of the mouth during nasal breathing to create 
optimal neuromuscular activation and muscle recruitment efficiency. Foot placement 
was also standardized to ensure consistent proprioceptive feedback from the ground. 

 
 
RESULTS AND DISCUSSION 
 
Wearable Sensor Strain Sensing Properties 
 

The strain sensing properties of the wearable sensor were characterized by tensile 
cylic load frame tests. Figure 4a presents a representative set of cyclic test results, 
where the normalized change in electrical resistance (DRn) of the wearable sensor is 
overlaid with the applied strain pattern. Here, DRn was calculated by: 
 𝛥𝑅! = (𝑅" − 𝑅#) 𝑅#⁄  (1) 
where Ri is the resistance of the sensor at any point in time, and R0 is the initial 
unstrained resistance. Sensor measurements were normalized because each sensor 
had a slightly different R0 as a result of experimental error from fabrication and 
mounting. The results confirmed the expected sensing behavior: electrical resistance 
increased with tensile strain and decreased with compression. 

Furthermore, Figure 4b plots DRn with respect to the applied strains for one 
particular loading cycle. It shows that the wearable sensor exhibits a strong bilinear 
sensitivity to applied strains. By fitting linear least-squares regression lines to the 
data in Figure 4b, the slope of the best-fit line was equivalent to the strain sensitivity, 

 
(a)                                                           (b) 

Figure 3. Experimental setup on the subject (a) Anterior side and (b) Posterior side 

 



 

or gauge factor (GF), which was 56 when applied strains were below 2%. On the 
other hand, the sensor exhibited extremely high sensitivity when strains exceeded 
2%. 

  
Respiration Monitoring  
 

The human participant tests began with normal breathing at a controlled pace. 
Figure 5 overlays the DRn time histories collected from the set of six wearable sensors 
during three cycles of normal breathing. Distinct resistance peaks were observed 
from at least five wearable sensors, namely the sensors placed at both the left and 
right external intercostal, top rectus abdominis, and rhomboid muscles. These sensors 
were able to capture skin-strain associated with breathing because their placement 
aligned with regions of significant thoracoabdominal movement during respiration, 
allowing the skin-strain sensor to detect subtle surface deformations induced by 
muscle expansion and contraction. Notably, the sensor positioned over the top rectus 
abdominis displayed an opposite resistance trend relative to sensors placed at other 
anatomical sites.  

The wearable sensor results were compared with force measurements from the 
Vernier respiration belt, with two of the five results overlaid in Figure 6. Even though 
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Figure 4. Electromechanical testing of the wearable strain sensor: (a) normalized resistance overlaid 
with the applied strain pattern and (b) evaluation of sensor strain sensitivity 

 

 
Figure 5. Skin-strain measurements during three cycles of normal breathing 



 

the two sensing systems measured different physical quantities, a strong agreement 
was observed. A dominant frequency of 0.25 Hz was identified from both the 
wearable sensor and Vernier respiration belt data, which equated to a respiration rate 
of 15 breaths per minute (bpm). These results successfully validated that the wearable 
skin-strain sensor mounted at these anatomical locations could accurately measure 
respiration rate. Unlike the Vernier respiration belt, which consisted of a rigid belt 
mounted across the chest and could slip over prolonged use, the proposed low-profile 
wearable sensor was secure, conformed to the skin, and was comfortable to wear.  
 
Exercise Monitoring  
 

 The standing crunch was selected as a representative exercise to assess 
abdominal core engagement during recovery. Each subject completed three full-body 
crunches, each consisting of trunk flexion followed by a return to the upright position. 
A set of skin-strain measurements is plotted in Figure 7, where three distinct 
movement phases can be clearly identified. Each cycle of DRn corresponded to skin-
strain changes, as captured by the wearable sensor, during each full-body crunch. 
Notably, the sensors placed over the left and right rhomboid muscles exhibited larger 
resistance changes, indicating elevated back muscle activation during the exercise.  

 
(a) 

 
(b) 

Figure 6. Skin-strain measurements (blue) were compared with sEMG readings (orange) at (a) the 
location of the right external intercostal muscle and (b) the right rhomboid 

 

 
Figure 7. Skin-strain measurements during three cycles of standing crunches 

 



 

The skin-strain data were further analyzed and compared with muscle activation 
measurements acquired from Delsys sEMG sensors, and two representative results 
are plotted in Figure 8. Figure 8 shows that the skin-strain DRn and sEMG waveforms 
both exhibit three distinct cycles corresponding to the three full-body crunches. The 
normalized resistance change signal amplitude differences from cycle to cycle are 
expected since the wearable sensors measure skin-strain response, which is a 
combination of kinematics and potential skin-strains developed in response to greater 
muscle engagement [11]. Nevertheless, the sEMG data helped confirm that muscles 
in those specific areas were engaging to produce movement, which was also 
successfully captured by the wearable sensors.  
 
 
CONCLUSIONS 
  

This work evaluated the integration of wearable skin-strain sensors with a 
customized wireless sensing node, and the system was validated for capturing both 
respiratory and muscular engagement during controlled exercise movements. In 
particular, the wearable sensors successfully measured distinct electrical resistance 
waveforms during resting breathing and standing crunch exercises, underscoring 
their potential for monitoring rehabilitation activities. The long-term goal is to 
advance this system into a scalable, data-driven platform capable of enabling early 
detection of functional impairments and delivering personalized rehabilitation 
guidance. Future efforts will focus on extending its application to postpartum 
populations, including women recovering from cesarean delivery. 
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Figure 8. Skin-strain sensor data (blue) were compared with sEMG envelope results (orange) at the 
location of the (a) right rhomboid and (b) rectus abdominis (top) 
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