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ABSTRACT 
Poor posture leading to neck and back pain can be caused by 

long hours sitting in front of computer screens in 

ergonomically inadequate office furniture or in makeshift 

home offices. For most individuals, recognizing and correcting 

for poor posture is an uncommon practice. Poor seated 

posture is characterized by protracted scapulae, increased 

kyphosis, and a flexed lumbar spine. Toward a wearable 

system that performs continuous monitoring, we developed a 

textile sensor embedded garment. Using textile sensors sewn 

into a shirt, we test the capability of our design to read 

curvatures related to seated posture. First, textile sensors were 

evaluated for fabrication and data collection ease. Next, 

sensors embedded in shirt designs were evaluated for their 

ability to produce data that can be recognized as good or poor 

posture across a user’s back. Designs leveraging e-textiles and 

snap circuitry enable textile sensor posture readings in a 

wearable device that is soft and durable.   Results from this 

proof-of-concept prototype show that such customizable 

garments may enable the study of specific muscle groups 

related to various postures in the future. Sensor technology 

embedded in everyday wear garments holds promise for 

integrating continuous postural monitoring to commercially 

available clothing. 
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NOMENCLATURE 
Vin  Supply voltage 

Vout  Measured voltage 

Ω  Ohms 

Rsensor  Sensor Resistance 

Csensor  Sensor Capacitance 

t   time 

1. INTRODUCTION 
 The position a person holds their body during work, 

activity, or rest, is an important component to overall health 

and wellness. Correct posture is the position in which 

minimum stress is applied to each joint [1]. Poor posture can 

lead to difficulty with breathing and digestion, spine 

misalignment, fatigue, and neck, back, or shoulder pain [1–3]. 

Lower back pain is a leading cause of disability, yet it is 

understudied because of its chronic and non-life threatening 

nature [5]. As improper posture is maintained, the spine can 

become rounded and curved permanently. This condition, 

severe kyphosis, can cause overall diminished spine function. 

Among computer users, it has been shown that 70% suffer 

from less severe pectoral kyphosis [6]. Proper posture is 

associated with building and toning abdominal muscles and 

has also been shown to increase self-confidence [7]. To aid 

users in recognizing and maintaining good posture as well as 

collect more detailed data on muscle movement in the back, 

we aim to develop a posture monitoring garment.  

 Our focus for this proof-of-concept prototype is to 

measure seated posture positions. For reference, in Figure 1 

we demonstrate (a) correct and (b) poor seated posture as well 

as (c) poor standing posture. Ideal static sitting postural 

alignment can be defined as a vertical, straight line [2] that 

passes through the earlobe, cervical spine, tip of shoulder, 

halfway through the thorax, and the lumbar spine (Green line 

in Figure 1a). Poor sitting posture is characterized by holding 

the head forward with cervical spine in hypertension, 

shoulders rounded forward (Red arrow in Figure 1b), scapulae 

protracted, thoracic curve more rounded posteriorly (increased 

kyphosis) (Red arrow in Figure 1b), lumbar spine flexed and 

pelvis posteriorly rotated. Comparatively, in poor standing 

posture (Figure 1c) the head is maintained forward, 

sternocleidomastoid muscles are shortened, the shoulders are 
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rounded forward and the lumbar is compressed (Red arrow in 

Figure 1c). To identify the characteristics of poor posture 

described here, we aim to create a customizable shirt with 

sensors over musculoskeletal areas, integrated seamlessly into 

clothing, robust enough for everyday wear.   

 
FIGURE 1. Demonstration of (a) correct seated posture, (b) poor 

seated posture, and (c) poor standing posture. 
 

Correcting posture is important, but it can be difficult and 

uncomfortable to hold correct posture for an extended period 

after poor postural habits are developed. Passive wearable 

braces are a commercially available solution that strap around 

the shoulders and upper back to hold the shoulders backward 

and the thoracic spine upright to prevent slumping [8]. These 

braces are low cost, can be worn for long periods of time, 

consisting primarily of Velcro and fabric. However, they can 

be bulky, as the amount of fabric and Velcro needed to resist 

movement requires many layers. This bulkiness can lead to 

discomfort, embarrassment, and patient noncompliance. As 

such, various technologies have been applied in order to assist 

with postural correction including electromyography sensors 

[9], infrared cameras [10], inertial measurement units, and 

chairs embedded with sensors [11]. A variety of sensor types 

have been incorporated into wearable devices for posture 

monitoring. Jin et al. demonstrate hybrid sensors embedded in 

the shoulder of a shirt for kinematics estimation [12]. Barone 

et al. demonstrate an integrated system that attaches soft 

capacitance sensors and vibration motors across a shirt for 

sensing and real time feedback of seated postures [13]. Soft 

robotic skins powered by pneumatic actuators have been 

proposed as a solution to correct upper back posture [14]. 

While a variety of approaches aim to address posture 

correction, a textile garment that is easy to wear and non-

obtrusive while providing rich data to the user is yet to be 

realized.  

Given that poor posture first deteriorates soft tissues, 

including the very muscles that support posture, we aim to 

create a monitoring and feedback system to support proper 

seated posture by alerting the user to strengthen their own 

physiology. We are designing for the population that is seated 

at a desk all day. For these patients, common pain symptoms 

are neck and shoulder pain, specifically the upper trapezius 

muscle. The goal of the proposed device is to develop a 

lightweight sensor that can be sewn into textile garment for 

daily use monitoring lumbar and thoracic spine curvature 

characteristic of poor seated posture (Figure 1b). The 

development of a real time monitoring garment for posture 

positioning has the potential to impact user health and 

wellness. The popularity of commercial biometric monitoring 

devices including smart watches supports the notion that 

textile-based sensors, seamlessly integrated into a washable, 

everyday garment, could lead to a commercially viable 

product in the wellness market. Toward this goal, we aim to 

develop a customizable, textile-based sensor shirt for (1) 

continuous posture monitoring or (2) the study of posture in 

physical therapy patient populations.  

 
FIGURE 2. Schematic of proposed posture shirt, sensor locations, 

and electronic feedback. Created in part using Biorender.com. 
  

2. MATERIALS AND METHODS 
 

2.1 Design of a smart shirt 
The smart shirt design presented in Figure 2 leverages 

embedded posterior textile sensors to measure physiological 

parameters of the user. Various textile-based resistive [25–27] 

and capacitive [28–30] sensor materials and assemblies have 

been demonstrated for biometric measurements and will serve 

as inspiration for the sensors used here. As the user’s posture 

changes or “slumps”, the embedded conductive materials will 

flex with the user resulting in changes in electrical properties 

that can be read by a microcontroller. In this work we focus on 

selecting an appropriate sensor assembly, constructing the 

garment, and testing its response to good and poor seated 

postures. In the future, we envision embedded vibration 

motors will provide haptic feedback to the wearer. Based on 

previous examples of textile sensors [21] and examples of 

posture shirts [14], we first sought to evaluate sensor types: 

capacitive and resistive sensors. 

 
2.2 Hybrid Capacitance Sensor 

We first evaluated a hybrid textile-silicone capacitance 

sensor described by Atalay et al. [20]. This type of stretchable 

sensor is composed of three layers: a silicone elastomer film 

sandwiched between two conductive knit fabric layers (Figure 

3 inset). To construct the sensor, two-part Eco-Flex 10 

(Smooth-on) silicone elastomer kits were mixed in a 1:1 ratio 

according to manufacturer instructions. Mixed silicone was 

poured into a shallow tray and cured at room temperature 

overnight creating a 1mm silicone film. Once cured, the 

silicone was cut into rectangles approximately 6 in by 1 in. 

This cured elastomer functions as the dielectric layer of the 

hybrid capacitance sensor [21]. To adhere the conductive 

fabric to the sensor, a thin film of the uncured elastomer was 

applied to each side of the cured sensor. Two pieces of 

conductive fabric (Conductive copper-nickel-plated polyester 

fabric, Adafruit), cut to 7 in by 1 in, were adhered to each side 

of the dielectric. Tabs of fabric (~1 in) remained on opposite 
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sides of the capacitance sensor for measurement purposes. 

Alligator clips were attached to these tabs to evaluate 

capacitance and voltage changes under applied axial strain. 

 
FIGURE 3. (Left) Resistive flex sensor, made of Velostat 

sandwiched between two conductive fabric layers and two dielectric 

layers. (right) Hybrid capacitive sensor composed of a knit 

conductive fabric adhered to both sides of a silicone elastomer 

dielectric layer.  

 

2.3 Textile-Based Flex Sensor 
Next, we evaluated resistive sensors. Flex sensors use 

piezoresistive materials that change resistance based on 

applied pressure or mechanical load, such as bending. Widely 

used commercially available resistive sensors are made of 

phenolic resin and conductive ink. They can bend only in one 

direction and are delicate around the wire contacts. The 

advantage to textile-based flex sensors is that it allows for 

more flexibility and sensitivity, as well as being able to 

integrate more easily into clothing [21].  

Figure 3 left shows the construction of the resistive sensor 

used in this work. The basic sensor construction consists of 

five layers: the piezoresistive material (Velostat) sandwiched 

between two conductive layers (Conductive copper-nickel-

plated polyester fabric), further sandwiched between two 

dielectric layers (Nylon fabric). These sensors require a 

voltage divider to be integrated in circuits. In this work, we 

use piezoresistive Velostat for its accessibility, low profile, 

and ease of use. Various dielectric fabrics may be used, but 

they should not limit the sensor’s movement and range. 

When constructing this textile resistive sensor, there are 

constraints on how these layers can be assembled. One 

constraint is that the conductive layers must not touch each 

other. This is achieved by using a larger piece of Velostat than 

the conductive layers. Another constraint is that the Velostat 

must not be attached to any other layer. To achieve this, we 

sewed the conductive and dielectric fabrics together and 

created a pocket to hold the Velostat layer. This pocket 

construction allows the Velostat to move freely and flex.  

 

2.4 Sensor Testing 
We next measured electrical properties in both resistive 

and capacitive sensors. We tested both sensors within the use 

case range we may see in a posture detection shirt. Resistive 

sensors were bent in half between 0° and 90° (Figure 4 a,b). 

Tensile force was applied to capacitive sensors up to 25% 

strain (Figure 4 d,e). To collect data from each sensor, a 

voltage divider is used to measure the voltage change in each 

sensor because the circuit is simple and requires low cost 

components. Voltage change in a voltage divider between a 

220Ω resistor and the flex sensors was measured in millivolts 

(mV) and can be calculated using Equation (1).  

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛
𝑅𝑠𝑒𝑛𝑠𝑜𝑟

220Ω +𝑅𝑠𝑒𝑛𝑠𝑜𝑟
                           (1) 

As the capacitance sensor works by storing voltage, the 

voltage change in a similar circuit between a 220 Ω resistor 

and a capacitance sensor was measured in millivolts and can 

be calculated using Equation (2). 

                𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛(1 − 𝑒
−

𝑡

220Ω∗𝐶𝑠𝑒𝑛𝑠𝑜𝑟)                        (2) 

Data from both resistive and capacitive sensors are shown 

in Figure 5c and f respectively. Resting voltage is shown as 

the upper limit of the data, and activated voltage is represented 

by the lower limit. The resistive sensor had an overall change 

of about 200 mV from 0° to 90° (Figure 4c), while the 

capacitance sensor experienced a voltage range of about 30 

mV (Figure 4f). The larger voltage change in resistive sensors 

indicates a greater sensitivity for our use case. The resistive 

sensor was also more consistent, returning to the same voltage 

as the sensor was bent, while the resting voltage for the 

capacitance sensor decreased over time, a phenomena 

observed in similar capacitive sensors attributed to plastic 

deformation of the conductive fabric [25].  

 
FIGURE 4. Stress testing of the two sensor options (a-c) resistive 

textile sensor and (d-f) hybrid capacitance sensor, with data showing 

the voltage measured against time in milliseconds.  
 

While capacitive sensors are more linear than resistive 

sensors and are more repeatable over long periods of time, flex 

sensors are more sensitive [21]. For our exploratory purposes, 

this sensitivity was more valuable to our design process. In 

addition, for wearable applications, capacitance sensors need 

to be shielded to prevent interference from conductive 

materials including the human body [22]. One of our goals is 

to create an everyday wear garment in which the user is barely 

aware of the sensors or embedded technology. The resistive 

sensors allow us to use thinner materials for a lower profile 

design. Removing the requirement for silicone dielectric 

layers significantly reduces the density of each sensor. 

Another feature of textile resistive sensors that are attractive 

for us is the fact that data from textile flex sensors can be read 

when bending in either direction (-90° to 90°) which will be 

useful for concave and convex curvature of the spine. Textile 

flex sensors cost less to manufacture and will require less 

specialized care. These features of our textile resistive sensor 

make it an appealing choice for our design. Our prototype was 
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fabricated with resistive textile sensors to understand the role 

they may play in a posture detection garment. 

 
2.5 Sensor Positioning 

In this test case, we are focused on seated posture 

positions, specifically curvature of the thoracic and lumbar 

spines (shown in Figures 2 and 5). The sensors placed on the 

lower back will monitor spinal curvature, a condition that can 

lead to severe kyphosis. The flex sensors placed over 

rhomboid and trapezius muscles will monitor thoracic 

curvature. As the user slumps in poor posture, we expect 

bending of top sensors and straightening of lower sensors, 

with the opposite bending modalities occurring during correct 

posture, where the top sensors straighten, and the lower 

sensors bend. 

 

2.6 Arduino and Code 
The prototype shirt uses a microcontroller (Arduino Uno) 

to input voltage and measure output voltage. These 

microcontrollers can be programmed using various languages, 

including the Arduino IDE, MATLAB, and Python. In this 

demonstration, we programed the microcontroller using the C-

based Arduino IDE and collected data using the Data Streamer 

extension in Microsoft Excel. The code consists of setup and 

loop sections. The setup section programs all pins used, 

defining each as an input or output, and identifying each port. 

The loop section programs the ports previously defined to 

execute operations. The program will collect data from each 

flex sensor and compare it to a previously calibrated posture 

pattern for each sensor. It will update the status of the power 

being supplied to the vibration motors accordingly (in future 

iterations). The analog pins are programmed as input pins and 

connected to the sensors. The motors are connected to digital 

PWM pins which allows for the voltage output to be 

controlled on a scale from 0-255 rather than written as low or 

high, so that the motors vibration intensity can vary. A voltage 

divider is placed between the PWM pins and motors to 

regulate the amount of voltage to the motors so as not to 

exceed 3V. Resistors used in the circuit are 220Ω and 660Ω. 

 

3. GARMENT ASSEMBLY AND VALIDATION 
To investigate the potential for textile resistive sensors to 

be integrated into garments for continuous monitoring of 

postural positioning, the four postural sensors were sewn into 

a Dri-Fit athletic shirt. The shirt has two flex sensors placed 

on the lumbar region along the spine and two flex sensors 

placed over the rhomboid muscles between the shoulder 

blades (Figure 5 top). Conductive thread, 2 ply stainless steel, 

has a 28 ohm per foot resistance (SparkFun Electronics). The 

contacts for each flex sensor are sewn to the shirt by 

conductive thread loops (Figure 5 top left). The thread 

attached to the ground is sewn into a ground rail along the 

spine, and the top layer of conductive fabric on each sensor is 

sewn to this rail. The 3.3V thread is sewn to 4 resistors, which 

each then go to the lower level of the conductive fabric of the 

sensor. The analog sensing ports each go to the joint between 

the resistor and sensor to sense the voltage drop due to the 

voltage divider. For this prototype, the microcontroller is on a 

clip which attaches to the user’s other clothes, along with a 9V 

battery to power the shirt independently. Adding the battery 

allows the shirt to be freestanding, not requiring a cabled 

power supply. 

A second prototype was created using a compression 

shirt, the Arduino Lilypad SimpleSnap board and snap 

connectors. Flex sensors consist of pockets with each side 

having a strip of conductive fabric on the inside, and one strip 

of Velostat in between. Regular thread is used to sew the 

pocket on the long ends in order to create a closer contact 

between both conductive sides and the Velostat layer. These 

pockets then have plug snap connectors sewn on using 

conductive thread to conduct voltage through to the snap. A 

flap on the open end of the sensor holds a plug connector sewn 

with conductive thread to the far side of the sensor to provide 

a ground rail, so that the sensor does not short circuit. Small 

pockets containing 220Ω resistors on the inside and plug 

connectors on the outside are placed in series with each 

sensor. The corresponding socket snap connectors are sewn 

onto the shirt with conductive thread and conduct voltage 

throughout the shirt to and from the board on machine-sewn 

rails. Any overlaps have a piece of nylon fabric on top of the 

bottom wire and are sewn on top. The Lilypad SimpleSnap 

(Arduino Industries) has socket connectors attached, so plug 

connectors were sewn onto the shirt. The Simplesnap also 

contains a battery.  The shirt was designed with snaps and 

conductive thread rails in order to make it washable – any 

parts that cannot touch water are able to be unsnapped so that 

the shirt can be machine washed. 

In order to validate the prototype, certain criteria must be 

met. The shirt sensor behavior should be similar to the 

freestanding sensor behavior in that there should be a 

significant change in voltage from each sensor between poor 

and proper posture states.  This will allow the microcontroller 

to recognize what kind of posture the user is holding and 

where the change specifically is. In addition, the shirt should 

be lightweight and washable, increasing its ease of use. As this 

shirt is further developed, these features to increase 

wearability for everyday use will be prioritized. 
 
4. GARMENT PROTOTYPE TESTING 

 

4.1 Posture Shirt Testing 

In order to collect data from v1 of the shirt (Figure 5 

right), the battery was detached, and a USB-B cable connected 

the microcontroller to a laptop. In Microsoft Excel, the Data 

Streamer Extension collected and recorded the serial output of 

each sensor at a sampling rate of 1 recording every 10 ms. 

Raw data is shown in Figure 5. To visualize trends in the data, 

the average voltage reading was taken for each posture 

position (plotted horizontal lines). Both the raw data and 

averages are plotted together in Figure 5. 

The data recorded here reflect the body’s response to 

proper (A) and poor (B) posture. As individuals develop a 
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poor posture, the thoracic and lumbar spines both flex 

outward. When the lumbar spine flexes, the lordotic curve is 

diminished and the low back becomes more straight. In 

response, the position of the pelvis is posteriorly rotated.  

During poor sitting posture (B), the sensors will detect a 

higher magnitude bend in the thoracic curve (decreased 

voltage in Figure 5) and a lower magnitude bend in the lumbar 

curve (increased voltage in Figure 5).  When the user sits up 

into correct posture, the kyphotic curve decreases and the 

lordotic curve increases as the spine goes into extension.  The 

pelvis is then positioned in an anterior rotation and less stress 

is applied to the joints. This results in increased voltage output 

from the upper back sensors and decreased voltage 

measurement for lower back sensors. 

 
FIGURE 5. Sensor placement (1-4) and experimental conditions 

((A) correct and (B) poor posture) used to collect voltage output from 

embedded textile sensors in a posture detection shirt. A moving 

average filter with a window of 200 was applied to the x-axis. 

 

In order to collect data from v2 shirt (Figure 5, left), a 

USB-B cable connected the microcontroller to an FTDI 

breakout board, which connected to a laptop. In Microsoft 

Excel, the Data Streamer Extension collected and recorded the 

serial output of each sensor at a sampling rate of 1 recording 

every 10 ms. Raw data is shown in Figure 5 bottom. A moving 

median over a window of 200ms is taken to show visualize 

trends. 

The data recorded in Figure 5 left reflects the same body 

response to proper and poor posture, using the second 

prototype to measure data. A similar reaction is recorded. As 

posture improves (A), the lumbar sensors detect a 

straightening of the lower back, reducing the amount of 

voltage measured at the lower sensors. In proper posture, the 

upper rhomboid minor muscle area relaxes, raising the amount 

of voltage measure at the upper sensors. As posture becomes 

poorer (B), the lower lumbar region bends, and more voltage 

is detected at the lower sensors. The upper region stretches, 

bending the upper sensors, which in turn increases the voltage 

detected at these sensors. 

When compared to v1, v2 has a higher difference in 

voltage changes for each sensor except the lower left lumbar, 

whose difference decreased. A higher difference indicates a 

higher sensitivity, as the same change produced a more 

pronounced reaction. The reaction between poor and proper 

posture was the same, with the lower and upper sensors having 

opposite voltage reactions to each other at each posture 

position.  

Both shirts were washed in a washing machine in cold 

water on the delicate cycle and air-dried. Prior to washing, v1 

had the Velostat strips removed while v2 had all removeable 

parts removed. After washing, neither shirt had any 

conductive thread joints or lines fray excessively. The green 

shirt did have some knots loosen, but not unravel completely. 

Both shirts were still functional.  
 

5. FUTURE CONSIDERATIONS 
This shirt was created and tested based on one 

individual’s anatomy, but there is a large amount of variability 

in human shapes, sizes, and anatomy. This variability is 

increased when each person’s sizes can vary over time. We 

aim for this shirt to be customizable and will evaluate the role 

of fit in measurement accuracy in the future. With consultation 

of physical therapists, we can develop a roadmap of proper 

sensor placement based on body anatomy. Ideally the shirt can 

be offered off the shelf in numerous sizes and offer some 

customization of sensor placement.  

Next steps include rigorous testing of the shirt assembly 

and functionality. This testing will include its daily usability, 

which can be measured through its washability, durability, and 

calibration period. A regular calibration process will be 

necessary to continue accurate real time monitoring over time. 

Testing will include analysis of the mechanical and electrical 

properties of the shirt’s sensors, including linearity, hysteresis, 

response time, and drift, which will all affect calibration. We 

will also explore thresholding of the data which can impacted 

by many factors. Although prototype testing shows clear 

changes, a smoother data stream would be desirable in order to 

ensure thresholds for poor posture are representative of body 

positioning rather than noise.  

In addition to alerting users of poor posture, we envision 

this shirt being used to understand posture and its impacts on 

pain. A future implementation may focus on how good posture 

can help reduce low back pain, as low back pain is a more 

prevalent diagnosis. Further design of the shirt may be 

necessary to isolate postural bending in the material to 

facilitate these studies. Overall, this prototype presents a 

platform to understand seamless integration of textile sensors 

into clothing for healthy individuals, to promote health and 

wellness alongside commercially available biometric devices, 

and as a tool to understand posture-pain relationships. 

 
6. CONCLUSION 

Maintaining proper posture has benefits for health and 

wellness. To help consumers detect poor seated postures, we 

propose a posture detection garment. By co-locating resistive 

textile sensors with thoracic and lumbar spines, we show that 

voltage changes in response to changes in posture can be 

measured. We envision further tests of durability and electrical 

stability to inform design of biometric measurement garments. 
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Similar shirts may inform consumer wellness products or 

provide a tool for understanding posture-pain connections. 
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