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Abstract 
Pressure injuries are a preventable but persistent medical challenge, with 2.5 million Americans 
developing pressure injuries each year. Pressure injuries are uniquely challenging to manage for 
wheelchair users, who have to sit for extended periods of time, up to 10-12 hours per day. 
Measuring the interface pressure between support surfaces and the body can assist in selecting 
surfaces that minimize the pressure to prevent pressure injuries from developing. However, 
pressure mapping systems are expensive and inaccessible for personal use outside of 
rehabilitation centers and hospitals. A prototype was developed to measure the interface pressure 
and movements of the user, using force sensing resistors and accelerometer data. Through this 
system, the interface pressure across surfaces can be compared to select appropriate sitting 
surfaces, inform repositioning habits, and prevent pressure injury development. 

Thesis Supervisor: Harry Asada 
Title: Ford Professor of Engineering, Director of d’Arbeloff Laboratory 
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1 Background 
1.1 What is a pressure injury? 
Pressure injuries (PIs), more commonly known as bedsores or pressure sores, are localized 
damage to the skin and underlying tissue that occur as a result of intense or prolonged pressure 
[1]. Pressure injuries are a widespread occurrence; 2.5 million people in the United States 
develop pressure injuries each year, and 60,000 die as a result [2]. Pressure injuries increase 
morbidity and mortality rates, introduce financial burdens and increase the length of hospital 
stays. 

Pressure injuries carry a significant financial burden on the healthcare system. Pressure injuries 
cost about $10,708 per patient on average, with a total cost in the US of $26.8 billion annually 
[3]. 

Pressure injuries are most common in areas of the skin that are under pressure for extended 
periods of time from lying in bed, sitting in a wheelchair, or due to contact between the skin and 
medical devices [4]. 

There are a number of risk factors affecting the likelihood and severity of pressure injuries, 
including mobility, moisture or incontinence, level of consciousness, nutrition, and activity [5]. 
Pressure injuries decrease the quality of life of the patient, causing severe pain and limiting 
treatment options for other conditions [6]. 

Pressure injuries are evaluated by the degree of skin and tissue damage observed. There are four 
stages that range in severity from stage 1 to stage 4. For patients with Spinal Cord Injury (SCI), 
25% of pressure ulcers are classified as severe (stage III or IV) [7]. The stages are outlined below 
[4, 8, 9]. 

Stage I: The area may be red and warm to the touch, or have a blue or purple tint. It may burn, 
hurt, or itch. 

Stage II: The area looks more damaged and may have an open sore, scrape or blister. It may 
cause significant pain and the skin around the wound may be discolored. 

Stage III: The area has a crater-like appearance due to damage below the skin’s surface. 

Stage IV: The area is very damaged with a large wound present. Muscle, tendons, bones, and 
joints may be seen. Infection is a significant risk. 

Some wounds may also be classified as unstageable or as a deep tissue wound. 
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Fig. 1: The Four Stages of Pressure Injuries [1] 

1.2 What causes pressure injuries? 
Pressure injuries are a result of pressure in combination with shear forces, though the 
development is accelerated by a number of external factors. These can include microclimate, 
perfusion, age, health status, comorbidities, and conditions of the soft tissues [9]. Impaired 
mobility is also a primary contributing factor to the development of pressure injuries. 

The risk factors for pressure injury development fall into two categories: mechanical boundary 
conditions and tolerance of individual [11]. The mechanical boundary conditions include the 
magnitude, time duration, and mode of action of the forces that are applied to the soft tissues as a 
result of contact between the skin and a solid surface. The forces can either be perpendicular to 
the skin (normal force), or parallel (shear force), though most of the time it is a combination of 
these forces. The normal force causes a pressure on the skin, which is the normal force per unit 
surface area. Pressure injuries develop when the blood flow to the tissues is restricted due to the 
pressure in the area. The tolerance of the individual is how an individual’s anatomical structure is 
affected by the loads and pressures applied. This depends on the internal anatomy, tissue 
morphology, and mechanical properties of the tissues, dictating how a given level of pressure 
impacts the surrounding area. 

The historical threshold function for safe pressure and time duration was developed by Reswick 
and Rogers, and demonstrates the pressure applied to the skin and duration of applied pressure 
[12]. However, it is inaccurate since it does not reflect the risk of tissue damage at the extremes, 
and a more accurate model, labeled the Gefen curve below, was developed based on animal and 
tissue models [13]. 
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Fig. 3: The historical Reswick & Rogers curve, demonstrating the relationship between pressure 
and time for risk of tissue damage, as well as a newer Gefen curve developed based on animal 

and tissue engineered models. [9] 

There are no numerical values in the graph above because it is very difficult to determine 
quantitative values for the pressure that will result in tissue damage. This is largely due to 
differences in tissue tolerances, individual anatomies and other confounding factors [13]. These 
include the microclimate between the skin and surface, including temperature, humidity, and 
airflow next to the skin surface. These factors can compromise the skin integrity and predispose 
tissue to pressure injury [14]. 

1.3 Pressure injuries in wheelchair users 
3.3 million Americans use wheelchairs, primarily due to mobility disability [15]. Up to half of 
wheelchair users will develop a pressure injury at some point in their lifetime, with pressure 
injuries being one of the most common complications in disabled individuals after a SCI [16]. 

Wheelchair users typically spend 10-12 hours per day in a chair with limited movement, and the 
seated position produces larger stress than laying due to the same weight being applied over a 
smaller area [17]. The most common areas for pressure injury in wheelchair users are the ischial 
tuberosities, coccyx, and sacrum. 

It is recommended that people perform pressure relief for 15 to 60 seconds every 15 to 60 
minutes [18]. In interviews with staff from Spaulding Rehabilitation Hospital, it was shared that 
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they recommend paraplegic patients to perform pressure relief for 30 to 60 seconds every 15 
minutes. For tetraplegic patients, they recommend doing a full seated tilt for 5 minutes every 15 
minutes. 

Immobility and lack of activity increase the risk of pressure injury in seated individuals, and the 
soft tissue has worse ability to tolerate pressure. Nursing home residents with higher peak 
interface pressures during wheelchair seating were more likely to develop pressure injuries than 
healthy adults [19]. Poor configuration and poor posture can increase pressure over bony 
prominences and is more common in nursing homes with inadequate wheelchair services. 

1.4 Pressure Injury Prevention 
There are numerous strategies aimed at preventing the onset and progression of pressure injuries. 
The aim of prevention strategies is to either reduce the magnitude or duration of the interface 
pressure, or the pressure between the patient and the surface. 

1.4.1 Nursing Strategies 
Nursing interventions for pressure injury prevention include repositioning patients and risk 
assessment scales. 

Lying or sitting for extended periods without redistributing pressure can result in tissue damage, 
creating a dire need for the repositioning of patients [20]. The standard of care is for nurses and 
caregivers to reposition patients lying in bed every two hours, though it is recommended to 
determine a turning schedule based on the risk of the patient [21]. Some studies have found that 
turning does not always effectively relieve pressure. 

Over 50 risk assessment tools have been developed to predict how likely a patient is to develop a 
pressure injury. The most common of these is the Braden scale, but others include the Norton, 
Waterlow, and Cubbin and Jackson scales. The Braden scale is most common due because it is 
easiest to use while also incorporates a wider range of risk factors [9]. Each of these scales relies 
on a series of measurements made by healthcare staff, such as activity, age, nutrition, and 
incontinence. Evidence indicates that the Braden scale has moderate predictive validity, which 
means that further tools should be developed that are easy to use but have high predictive 
validity to accurately assess pressure injury risk factors [22]. These risk assessment tools are 
used to determine the repositioning frequency as well as determine what mattress or cushions 
should be used for the patient. 

1.4.2 Sensor Based Prevention Systems 
Sensing systems have been developed to collect and display data that may be beneficial to 
healthcare staff. These sensors can include pressure monitoring, temperature and humidity 
monitoring, inertial measurement units (IMUs), and cameras [22]. 

Pressure monitoring is the most common and most extensively studied sensing-based prevention 
technique [23]. Continuous bedside pressure mapping (CBPM) uses a pressure map where the 
matrix of pressure sensors is placed on top of a mattress. The pressure value of each location is 
then displayed. Wellsense, Tekscan, Vista-medical, Xsensor, Novel Electronics, and Sensor 
Products all have pressure mapping systems that can be used for CBPM [22]. The largest proven 
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benefit of CBPM is that healthcare staff can more effectively reposition patients to reduce peak 
pressure [24]. This was shown to lead to a lower incidence of PIs, demonstrating the 
effectiveness of pressure sensing systems at giving real time feedback to healthcare staff. 

Another promising sensing system includes the use of IMU data to detect the posture of a patient 
in bed. The IMU data can be tracked over time and shown to the patient or nurse to encourage 
movement or repositioning. One system that is currently available on the market is the LEAF 
Patient Monitoring system, a wearable patient sensor that can give digital turn reminders to the 
patient and nurse. It has been shown to improve protocol adherence rates and reduce pressure 
injury incidence [25]. 

The effectiveness of these sensor-based systems shows promise that by collecting and presenting 
data to both patients and healthcare staff, better healthcare decisions can be made that lead to a 
reduction in pressure injury prevalence. 

1.4.3 Support Surfaces 
The National Pressure Injury Advisory Panel (NPIAP) defines support surfaces as “specialized 
devices for pressure redistribution designed for management of tissue loads, microclimate, 
and/or other therapeutic functions” [9]. Support surfaces can include mattresses, overlays, 
cushions, and other surfaces that aim to relieve pressure. The aim of these surfaces is to reduce 
either the magnitude or duration of the pressure between the patient and support surface [26]. 

One type of support surfaces is constant low-pressure (CLP) devices, which aim to distribute 
weight over a larger contact area. Another type is alternating pressure (AP) devices that vary the 
pressure beneath the patient mechanically. “Low-tech” CLP support surfaces include foam, gel- 
filled, fiber-filled, air-filled, and water-filled mattresses or cushions. “High-tech” support 
surfaces include alternating pressure mattresses, where the patient lies on air-filled sacs that 
inflate and deflate to relieve pressure at different places for short periods of time. Higher 
specification foam mattresses are recommended for higher risk patients. The relative benefits of 
CLP and AP support surfaces are unclear. 

1.4.4 Cushions 
Wheelchair cushions act as support surfaces to prevent pressure injuries by redistributing 
pressure and off-loading injury-prone bony prominences. There are four main types of static 
cushions – air, foam, and gel, or a combination of any of the three [27]. A common PI prevention 
strategy is the prescription of an appropriate wheelchair cushion. The cushion needs to have 
specific properties that address different aspects of PI prevention and general user comfort, such 
as pressure responses, microclimate, and stability and support for the wheelchair user. 

A commonly prescribed air cushion is the ROHO, typically sold for around $420 [28]. The 
ROHO is a static cushion that has air cells made of neoprene. The cells are all connected, but air 
is released from the cushion so that it is molded to the user. 
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Fig 4: The ROHO Cushion, an air-filled cell-based cushion [29] 

 
There are also a few dynamic cushions on the market, such as the Ease cushion [30]. The Ease 
cushion has a foam base with air cells that inflate and deflate. The Ease Cushion uses alternating 
pressure technology to redistribute pressure and prevent skin breakdown, increasing blood flow 
and reducing risk of developing pressure injuries. The Ease Cushion is sold for $649. In a study 
researching the effectiveness of a dynamic air cushion, it was found that the inflation/deflation 
sequences can redistribute pressure of the sitting area and prevent the redistribution of blood 
supply to underlying tissues [27]. Some studies have indicated the air cushions are better at 
interface pressure reduction than gel cushions, and others have indicated that gel cushions are 
better at reducing interface pressure than foam cushions. However, individualized evaluation of 
interface pressure is suggested for prescription of wheelchair cushions [31]. 

 
1.4.5 Cushion Evaluation 
Cushions are evaluated on several criteria: immersion, impact damping, hysteresis, horizontal 
stiffness, stability, pressure mapping, 10% force deflection, and envelopment [32]. Each of these 
has an associated International Organization for Standardization clause related to their 
measurement. 

Immersion (ISO 16840-2:2018 Clause 11) is the ability for the body to sink into the cushion, 
resulting in better pressure distribution. Impact damping (ISO 16840-13:2021) is the ability to 
reduce the impact loading on tissues and help maintain postural support. Hysteresis (ISO 16840- 
2:2018 Clause 14) is the ability to provide support during loading and unloading. Horizontal 
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stiffness (ISO 16840-2:2018 Annex C) is the ability of the cushion to respond to slight horizontal 
movements in the forward direction. Stability (ISO 16840-13:2021) is the ability of the cushion 
to resist lateral leaning movements. Pressure mapping (ISO 16840-6:2015 Clause 14) measures 
the magnitude and distribution of pressure on a loaded cushion. 10% force deflection (ISO 
16840-6:2015 Clause 20) is the ability to elastically deform to produce a 10% deflection. 
Envelopment (ISO 16840-12:2021) is the ability for the cushion to conform to the contours of 
the body, resulting in a better pressure distribution. Each of these are voluntary standards that 
can be used by cushion manufacturers to benchmark products, as well as by healthcare staff to 
compare and select cushions. 

1.5 Interface Pressure 
When sufficient levels of pressure are transmitted to the tissue, it can stop blood flow to the area 
and lead to tissue breakdown, the start of pressure injuries. The internal or interstitial pressure is 
defined as the resultant pressure that is transmitted to the tissue from the subject-surface 
interface, but the measurement of this is inherently invasive. For that reason, interface pressure is 
the widespread parameter used as it is more easily measured in a clinical environment [33]. 

Variability can be introduced by the setup of the sensor and experiment, including due to subject 
positioning, measuring system, curvature and compliance of the subject-support surface 
interface, shape of the underlying bony structure, and weight being supported[34]. The subject- 
support surface interface also varies vastly by the individual which effects interface pressure. 
Prior studies show that posture and body orientation have a profound effect on the subject- 
surface interface pressure [33]. For that reason, it is important to ensure the positioning of 
subjects is the same across surfaces to ensure repeatability. 

High interface pressures are a major contributing factor in the development of pressure injuries, 
yet a safe interface pressure is extremely difficult to determine due to variations between 
individuals and the number of other factors that increase risk of pressure injury. The range of 
interface pressures varies widely based on anatomic sites and subjects’ underlying anatomy but 
is approximately between 60-200 mmHg. There is no consensus on the safe interface pressure, 
but numerous studies have determined a safe interface pressure [33]. 

One study found that histologic changes occur when an interface pressure of 100 mmHg or 
higher is applied for more than 30 minutes, or when 40-80 mmHg is applied for an hour or more 
[35]. This study recommended reducing the interface pressure to 45 mmHg or less. 

The most common parameters measured are maximum, minimum, and average pressures. It is 
recommended to wear stretchy clothing and standardize the clothing worn when evaluating 
across different products [33]. In a study that ranked products on different groups of subjects, 
including SCI and elderly groups, it was found that the ranking of products is significantly 
different for each group [36]. Pressure injury prevention clinics that measure interface pressure 
on a regular basis have been shown to be effective at helping participants prevent pressure 
injuries by determining correct cushions and postures for the patient [37]. 
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2 Motivation 
The current method of measuring the interface pressure for wheelchair cushions is typically done 
using a pressure mapping device, carried out at hospitals or rehabilitation centers. These are 
often not available to nursing homes or for individual homes, making it difficult to make 
informed, data-driven decisions on which cushion might be best for the user. The motivation 
behind this study was to develop a low-cost wearable with pressure sensing capabilities that 
could be used to make individualized, informed decisions for wheelchair cushion selection. 
Interface pressure measurements are extremely variable between individuals, so having an 
accurate, consistent device on hand can make it easier to choose a cushion with a better pressure 
distribution. Current pressure maps are too expensive and complex for personal use. 

In addition to selecting an appropriate cushion, it is recommended to offload pressure with 
pressure relief adjustments while seated in a wheelchair. With frequent prescribed readjustments, 
it may be difficult or even impossible for seated individuals to adhere to the recommendation. 
Previous studies have shown that monitoring movement using IMU or accelerometer data could 
help understand how frequently a person is moving or adhering to the readjustment 
recommendations. The prototype will make it easier to track movements while sitting for 
prolonged periods of time to understand readjustment habits and develop better readjustment 
strategies. 
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3 Prototyping Process 
3.1 Engineering Requirements 
Several design considerations were brainstorms with a goal of developing a prototype to measure 
interface pressure and understanding the readjustment frequency of seated individuals. 

I. The device needs to have pressure sensing capabilities in appropriate areas that are 
most likely to have the highest threshold of pressure. 

II. The presence of the system should not introduce errors that would affect the interface 
pressure being measured. 

III. The geometry of the device should be flexible enough to conform to the surfaces and 
the body to accurately measure the interface pressure. 

IV. The system should be accurate across the range of expected pressure values. 
V. The sensor system should be cost-effective so that it can be used for individual use at 

home or nursing homes. 

3.2 Prototype Brainstorm 
Using the design considerations outlined above, three main designs were considered. 

Force Sensing Resistor (FSR) System 

For this concept, an array of FSRs would be placed or sewn into a fabric that could be worn by 
the user. Each FSR would be connected to an analog pin on a microcontroller to read in the 
voltage, which would be calibrated and adjusted to get a pressure reading. 

 
 
 

Fig. 5: A sketch depicting the FSR design considered for the prototype, with sensors sewn into a 
piece of fabric, and connected to the microcontroller. 
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Air Pocket Pressure Sensor 

Another prototype idea was to place multiple tubes or pockets that would be filled with air on the 
surface of the fabric. Each of these pockets would be connected to an air pressure sensor that 
would show the interface pressure in each pocket. 

 
 

Fig. 6: A sketch depicting the air pocket design considered, showing the pockets of air that 
would be placed underneath the user and the connection to the air pressure sensor. 

Pressure-Sensitive Conductive Plastic (Velostat/Liquistat) 

Using a pressure-sensitive conductive plastic, conductive thread, and conductive fabric tape, the 
resistance of the plastic can be measured at each output location. This would then be sewn into a 
fabric that would be worn by the user to measure the interface pressure between the person and 
the surface they are seated on. 

 

Fig. 7: A sketch depicting the pressure-sensitive conductive plastic design considered, with the 
lines indicating the conductive thread and tape that run across the conductive plastic fabric. 

When deciding between the different brainstormed options, the design requirements were 
considered. A Pugh chart was developed with the following characteristics: accurate, low-cost, 
reliable, does not interfere with pressure reading, and conforms to existing geometry. 
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Features FSR System Air Pockets Pressure Sensitive Plastic 
Accurate 0 0 0 
Low cost 0 0 + 
Reliable 0 0 - 
No interference with 
pressure reading 

0 - 0 

Conforms to existing 
geometry 

0 0 - 

Total 0 -1 -1 

Table 1: Pugh chart comparing the three sensing systems considered. 

Based on the Pugh chart and considering the different characteristics of each option, the FSR 
system was chosen. FSRs ave an ideal interface due to their minimal thickness and flexible 
construction. They have lower accuracy than other types of force sensors, but can be more 
suitable due to their small size, small thickness, low cost, and easy integration with textiles [38]. 
FSRs are useful for medical applications due to their thin and flexible construction [39]. 

In addition to pressure sensing, the system should also incorporate an accelerometer sensor. Prior 
research has demonstrated that access to accelerometer data about movement of the user can 
improve adherence to prescribed pressure relief adjustments, ultimately leading to a reduction in 
pressure injury onset [25]. For this reason, the prototype should contain an accelerometer to 
monitor movement and adjustments to seated position. 

3.3 Prototype Design 
3.3.1 Sensors 
The device is constructed using 12 Interlink FSR UX 406 sensors. These sensors were chosen for 
their wide range of pressure sensing capabilities (0.5N to 150N), thin profile, and their use in 
other medical applications [38, 39]. 

The placement of the sensors was determined by prior pressure maps developed for seated 
individuals. A typical pressure map is shown below, as well as a secondary pressure map with 
the decided locations of the sensors for the purpose of this prototype. 
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(a) (b) 

Fig. 8: (a) Demonstrates a typical pressure mapping of a seated surface, (b) demonstrates the 
overlay of sensors that is proposed for this prototype [40] 

 

It is recommended to wear stretchy clothing that conforms to the shape of the body while 
measuring interface pressure. Because of this, the fabric for the wearable was decided to be 92% 
Polyester and 8% Spandex for a conforming but stretchy fit. 

3.3.2 Electronics 
Each of the sensors connects to a pin on a 16-Channel Digital Multiplexer CD74HC4067. The 
multiplexer is connected to an analog pin on the Arduino Uno, as well as four digital pins. The 
MPU-6050 3 Axis accelerometer sensor is also connected to the Arduino Uno through the SDA, 
SLA, and digital pins. 

The wiring diagram is provided below. 
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Fig. 9: Wiring diagram demonstrating the connections between the components of the prototype 

The sensor data is acquired through the MATLAB Arduino Hardware Library, after which it was 
processed and plotted. Using the Arduino Hardware Library in MATLAB significantly slowed 
the sample rate to around 100 Hz, but there were benefits to the ease of live data plotting and 
visualization. Using serial monitor data directly, and collecting and plotting it in MATLAB 
resulted in a much quicker sampling rate, closer to 1 kHz. 

3.3.3 Final Prototype 
The final prototype consists of a pair of shorts with 12 Interlink FSR sensors sewn into it at the 
designated locations as shown previously, with an accelerometer sewn into the waistband. The 
wiring was also soldered to a protoboard for greater robustness during testing. An image of the 
final prototype is shown below. 
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Fig. 10: An image of the prototype, demonstrating the 12 FSR resistor sensor layout as well as 
the electronics layout. 

 
 
3.4 Calibration 
The reliable use of FSRs depends on proper calibration. A study was conducted calibrating an 
Interlink Electronics 402 FSR, which was the basis of the calibration procedure for this 
experiment. In a static calibration test, weights were placed on the sensor to find the relationship 
between the applied force, and as a result the applied pressure, and the output voltage. Each 
sensor was calibrated individually using this method. 
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Fig. 11: A plot of the FSR pressure inputs and the voltage outputs during the calibration 

for each of the 12 sensors. 

A line of best fit was found for each sensor, such that the voltage could be inputted and the 
pressure outputted, as in the experimental setup. The results are shown below in separate plots 
for each of the sensors. 
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Fig. 12: Plots of each of the voltage-pressure curves and lines of best fit for each of the FSR 
sensors. 

Using these curves, the pressure was calculated from the voltage reading of each of the sensors 
while testing the prototype. 
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4 Testing 
The device was tested while worn on four surfaces – a wooden chair, a plastic chair, a ROHO 
cushion, and a foam cushion. The results are shown in a color map below. 

 

 
Fig. 13: Results of the pressure readings on each of the four surfaces tested, a wooden chair, 

plastic chair, ROHO cushion, and foam cushion. 

The results are in the expected range of values as shown in previous studies, with the sensing 
outputs relatively consistent between trials. 

In addition to plotting the values, the minimum, maximum, and average pressure for each surface 
were extracted and are shown below. 

 

Surface Minimum Pressure 
(mmHg) 

Maximum Pressure 
(mmHg) 

Average Pressure 
(mmHg) 

Wooden chair 91.3 110.8 104.3 
Plastic chair 89.2 111.5 103.2 

ROHO cushion 40.6 110.4 95.7 
Foam cushion 89.5 110.8 103.6 

Table 2: Minimum, maximum, and average pressure (mmHg) shown for each surface tested. 
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The ROHO cushion had the lowest minimum pressure and the lowest average pressure. The 
results were relatively similar across all four surfaces. 
Additionally, data from the accelerometer sensor was collected and processed. The data is shown 
in its raw form below over a period of 60 seconds with two movements. 

 
Fig. 14: Accelerometer data shown over a period of 60 seconds, with two adjustments recorded, 

as shown by the spikes in the accelerations. 

The accelerometer data could be used to measure the number of movements or adjustments made 
over a given period of time, and an algorithm can be developed to automate this process by 
looking at the change in values a given time, with a threshold of change over a period of time 
signaling a movement. Moving average filters may also be helpful at smoothing out 
inconsistencies in the accelerometer data to filter the movements. 
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5 Conclusions and Future Work 
This study demonstrated the prototype development of a pressure sensing wearable system as a 
method of pressure injury prevention. The prototype was successful, reading pressure values that 
were similar to values found in literature from other pressure mapping systems. This system was 
much less expensive than a pressure mapping system, on the order of $100 compared to $1,000- 
10,000 for a robust pressure mapping system used in rehabilitation hospital settings. The system 
was also able to conform to the shape of the wearer. 

The system was created as a wearable in an attempt to eliminate inconsistencies such as posture 
changes or shifts, but there was still variation due to these factors. Future iterations should 
explore how to better control variations in posture and shifts in weight. It may also be easier to 
develop this system as a flat pressure mat that can be placed underneath the person if those 
inconsistencies can be eliminated. 

There needs to be further work to determine the accuracy of the pressure sensing system. It 
would be useful to validate the readings and further calibrate using a pressure mapping system 
and compare the readings between the two devices. In future studies, it may also be useful to try 
different pressure sensors of different shapes, sizes, and types, to compare the accuracy and ease 
of use against one another. 

Future work should explore various methods of making the system more robust. Using a form of 
wireless communication, such as Bluetooth or WiFi, would make it easier to wear the system and 
move around with it on. Finding new ways to present the live data, such as over an software app, 
would make it easier to see the readings in real time to adjust posture or relieve pressure. 

Similar devices could be developed for other areas of the body for pressure injury prevention on 
mattresses, such as the heels or shoulder blades, which are both areas prone to pressure injuries. 
It would also be helpful for the sensors to be built into the support surfaces themselves. 

23



References 
[1] Kottner, J., Cuddigan, J., Carville, K., Balzer, K., Berlowitz, D., Law, S., Litchford, M., 
Mitchell, P., Moore, Z., Pittman, J., Sigaudo-Roussel, D., Yee, C. Y., & Haesler, E. (2019). 
Prevention and treatment of pressure ulcers/injuries: The protocol for the second update of the 
international Clinical Practice Guideline 2019. Journal of tissue viability, 28(2), 51–58. 
https://doi.org/10.1016/j.jtv.2019.01.001 

[2] “Are we ready for this change?”, last reviewed October 2014. Agency for Healthcare 
Research and Quality, Rockville, MD. https://www.ahrq.gov/patient- 
safety/settings/hospital/resource/pressureulcer/tool/pu1.html 

[3] Padula WV, Delarmente BA. The national cost of hospital-acquired pressure injuries in the 
United States. Int Wound J. 2019; 16: 634–640. https://doi.org/10.1111/iwj.13071 

[4] “Bedsores”, accessed 2024, Johns Hopkins Medicine, Baltimore, MD. 
https://www.hopkinsmedicine.org/health/conditions-and-diseases/bedsores 

[5] García-Fernández, F. P., Agreda, J. J., Verdú, J., & Pancorbo-Hidalgo, P. L. (2014). A new 
theoretical model for the development of pressure ulcers and other dependence-related 
lesions. Journal of nursing scholarship : an official publication of Sigma Theta Tau International 
Honor Society of Nursing, 46(1), 28–38. https://doi.org/10.1111/jnu.12051 

[6] Gorecki, C., Brown, J. M., Nelson, E. A., Briggs, M., Schoonhoven, L., Dealey, C., Defloor, 
T., Nixon, J., & European Quality of Life Pressure Ulcer Project group (2009). Impact of 
pressure ulcers on quality of life in older patients: a systematic review. Journal of the American 
Geriatrics Society, 57(7), 1175–1183. https://doi.org/10.1111/j.1532-5415.2009.02307.x 

[7] Regan, M. A., Teasell, R. W., Wolfe, D. L., Keast, D., Mortenson, W. B., Aubut, J. A., & 
Spinal Cord Injury Rehabilitation Evidence Research Team (2009). A systematic review of 
therapeutic interventions for pressure ulcers after spinal cord injury. Archives of physical 
medicine and rehabilitation, 90(2), 213–231. https://doi.org/10.1016/j.apmr.2008.08.212 

[8] Al Aboud AM, Manna B. Wound Pressure Injury Management. [Updated 2023 Apr 19]. In: 
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2024 Jan-. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK532897/ 

[9] European Pressure Ulcer Advisory Panel, National Pressure Injury Advisory Panel and Pan 
Pacific Pressure Injury Alliance. Prevention and Treatment of Pressure Ulcers/Injuries: Clinical 
Practice Guideline. The International Guideline. Emily Haesler (Ed.). EPUAP/NPIAP/PPPIA: 
2019. 

[10] “Stages of Pressure Injuries,” last reviewed November 2023. New York-Presbyterian Health 
Library, New York City, NYC. https://www.nyp.org/healthlibrary/multimedia/stages-of- 
pressure-injuries 

[11] Coleman S, Nixon J, Keen J, Wilson L, McGinnis E, Dealey C, Stubbs N, Farrin A, 
Dowding D, Schols JMGA, Cuddigan J, Berlowitz D, Jude E, Vowden P, Schoonhoven L, Bader 

24

https://doi.org/10.1016/j.jtv.2019.01.001
http://www.ahrq.gov/patient-
https://doi.org/10.1111/iwj.13071
https://www.hopkinsmedicine.org/health/conditions-and-diseases/bedsores
https://doi.org/10.1016/j.apmr.2008.08.212
https://www.ncbi.nlm.nih.gov/books/NBK532897/
http://www.nyp.org/healthlibrary/multimedia/stages-of-


DL, Gefen A, Oomens CWJ, Nelson EA. A new pressure ulcer conceptual framework. J Adv 
Nurs, 2014; 70(10): 2222-2234. 

[12] Reswick JB, Rogers JE, Experience at Rancho Los Amigos Hospital with devices and 
techniques that prevent pressure sores., in Bedsore Biomechanics R.M. Kenedi and J.M. 
Cowden, Editors. 1976, The Macmillan Press. p. 301-310. 

[13] Linder-Ganz E, Engelberg S, Scheinowitz M, Gefen A. Pressure-time cell death threshold 
for albino rat skeletal muscles as related to pressure sore biomechanics. J Biomech, 2006; 
39(14): 2725-32. 

[14] Zeevi T, Levy A, Brauner N, Gefen A. Effects of ambient conditions on the risk of pressure 
injuries in bedridden patients-multiphysics modelling of microclimate. Int Wound J, 2018; 15(3): 
402-416. 

[15] Qiong Nie, Laura A. Rice, Jacob J. Sosnoff, Sa Shen, Wendy A. Rogers, Understanding 
Wheelchair Use in Older Adults From the National Health and Aging Trends Study, Archives of 
Physical Medicine and Rehabilitation, Volume 105, Issue 3, 2024, Pages 514-524, ISSN 0003- 
9993, https://doi.org/10.1016/j.apmr.2023.09.006. 

[16] Alkhalifah, A., Aljohani, M., Almasaud, W., Alsalamah, R., Alhomili, A., Almasaud, A., & 
Tobeigei, F. H. (2023). Skin problems among the wheelchair users: a prospective cross-sectional 
study. Annals of medicine and surgery (2012), 85(4), 655–658. 
https://doi.org/10.1097/MS9.0000000000000098 

[17] Scott, J., and Bush, T. R., September 2021, "Key Components Related to Pressure Injury 
Formation: An Initial Investigation Into Pressure Distribution and Blood Perfusion Responses in 
Wheelchair Users." ASME. J Biomech Eng. December 2021; 143(12): 121003. 
https://doi.org/10.1115/1.4051888 

[18] Sprigle, S., Sonenblum, S. E., & Feng, C. (2019). Pressure redistributing in-seat movement 
activities by persons with spinal cord injury over multiple epochs. PloS one, 14(2), e0210978. 
https://doi.org/10.1371/journal.pone.0210978 

[19] Brienza, D.M., Karg, P.E., Bertolet, M., Schmeler, M., Poojary-Mazzotta, P., Vlachos, H. 
and Wilkinson, D. (2018), A Randomized Clinical Trial of Wheeled Mobility for Pressure Injury 
Prevention and Better Function. J Am Geriatr Soc, 66: 1752-1759. 
https://doi.org/10.1111/jgs.15495 

[20] Defloor T, De Bacquer D, Grypdonck MHF. The effect of various combinations of turning 
and pressure reducing devices on the incidence of pressure ulcers. Int J Nurs Stud, 2005; 42(1): 
37-46. 

[21] S. Mansfield, K. Obraczka and S. Roy, "Pressure Injury Prevention: A Survey," in IEEE 
Reviews in Biomedical Engineering, vol. 13, pp. 352-368, 2020, doi: 
10.1109/RBME.2019.2927200. 

25

https://doi.org/10.1097/MS9.0000000000000098
https://doi.org/10.1115/1.4051888
https://doi.org/10.1371/journal.pone.0210978
https://doi.org/10.1111/jgs.15495


[22] Huang, C., Ma, Y., Wang, C., Jiang, M., Yuet Foon, L., Lv, L., & Han, L. (2021). Predictive 
validity of the braden scale for pressure injury risk assessment in adults: A systematic review and 
meta-analysis. Nursing open, 8(5), 2194–2207. https://doi.org/10.1002/nop2.792 

[23] F. G. Marchione, L. M. Q. Araújo and L. V. Araújo, "Approaches that use software to 
support the prevention of pressure ulcer: A systematic review", Int. J. Med. Inform., vol. 84, no. 
10, pp. 725-736, Oct. 2015. 

[24] R. G. Scott and K. M. Thurman, "Visual feedback of continuous bedside pressure mapping 
to optimize effective patient repositioning", Adv. Wound Care, vol. 3, no. 5, pp. 376-382, 2014. 

[25] Schutt SC, Tarver C, Pezzani M. Pilot study: Assessing the effect of continual position 
monitoring technology on compliance with patient turning protocols. Nursing Open. 2018;5:21– 
28 

[26] McInnes, E., Jammali-Blasi, A., Bell-Syer, S. E., Dumville, J. C., Middleton, V., & Cullum, 
N. (2015). Support surfaces for pressure ulcer prevention. The Cochrane database of systematic 
reviews, 2015(9), CD001735. https://doi.org/10.1002/14651858.CD001735.pub5 

[27] Rabie Fadil, Bradley Hoffmann, Sarah Lovelace, Behnam Farahani, Siamak Arzanpour, 
Jane Loscheider, Arina Aboonabi, Kouhyar Tavakolian, Design and evaluation of a dynamic air 
cushion for pressure ulcers prevention, Journal of Tissue Viability, Volume 31, Issue 3, 2022, 
Pages 491-500, https://doi.org/10.1016/j.jtv.2022.04.004. 

[28] Hon Keung Yuen, Donna Garrett; Comparison of Three Wheelchair Cushions for 
Effectiveness of Pressure Relief. Am J Occup Ther July/August 2001, Vol. 55(4), 470–475. doi: 
https://doi.org/10.5014/ajot.55.4.470 

[29] “Custom Cushion: ROHO”, Accessed 2024, Permobil, Mt. Juliet, TN. 
https://www.permobil.com/en-us/products/seating-positioning/cushioning-products/roho/other- 
cushioning-options/roho-custom-cushion 

[30] “Smart Alternating Pressure Cushion: Ease Cushion”, Accessed 2024, Ease Seating 
Systems, Clio, MI. https://easeseatingsystems.com/products/ease-cushion 

[31] He, C., & Shi, P. (2022). Interface pressure reduction effects of wheelchair cushions in 
individuals with spinal cord injury: a rapid review. Disability and rehabilitation, 44(6), 827–834. 
https://doi.org/10.1080/09638288.2020.1782487 

[32] “Cushion Performance – Sorted by Broad Cushion Category”, Accessed 2024, Department 
of Rehabilitation Science and Technology, University of Pittsburgh, Pittsburgh, PA. 
https://wheelchairstandards.com/ 

[33] Swain, I. (2005). The Measurement of Interface Pressure. In: Bader, D.L., Bouten, C.V., 
Colin, D., Oomens, C.W. (eds) Pressure Ulcer Research. Springer, Berlin, Heidelberg. 
https://doi.org/10.1007/3-540-28804-X_5 

[34] Swain I., Bader D, 2002, The measurement of interface pressure and its role in soft tissue 
breakdown. J Tissue Viab 4:132-146 

26

https://doi.org/10.1002/nop2.792
https://doi.org/10.1002/14651858.CD001735.pub5
https://doi.org/10.1016/j.jtv.2022.04.004
https://doi.org/10.5014/ajot.55.4.470
https://www.permobil.com/en-us/products/seating-positioning/cushioning-products/roho/other-cushioning-options/roho-custom-cushion
https://www.permobil.com/en-us/products/seating-positioning/cushioning-products/roho/other-cushioning-options/roho-custom-cushion
https://easeseatingsystems.com/products/ease-cushion
https://doi.org/10.1080/09638288.2020.1782487
https://wheelchairstandards.com/


[35] Yu, M., Park, K. H., Shin, J., & Lee, J. H. (2022). Predicting the cut-off point for interface
pressure in pressure injury according to the standard hospital mattress and polyurethane foam
mattress as support surfaces. International wound journal, 19(6), 1509–1517.
https://doi.org/10.1111/iwj.13750

[36] Brienza D., Karg P., Seat cushion optimization: a comparison of interface pressure and
tissue stiffness characteristcs for spinal cord injured and elderly patients. Arch Phys Med Rehab
79:388-394

[37] Dover H, Pickard W, swain I, Grundy D, The effectiveness of a pressure clinic in preventing
pressure sores. Paraplegia 30:267-272

[38] Parmar, S., Khodasevych, I., & Troynikov, O. (2017). Evaluation of Flexible Force Sensors
for Pressure Monitoring in Treatment of Chronic Venous Disorders. Sensors (Basel,
Switzerland), 17(8), 1923. https://doi.org/10.3390/s17081923

[39] Khodasevych, I., Parmar, S., & Troynikov, O. (2017). Flexible Sensors for Pressure
Therapy: Effect of Substrate Curvature and Stiffness on Sensor Performance. Sensors (Basel,
Switzerland), 17(10), 2399. https://doi.org/10.3390/s17102399

[40] “Pain relief through pressure redistribution on a Vicair Adjuster 02”, Accessed 2024, Vicair,
Wormer, Netherlands. https://www.vicair.com/cc/pain-relief-through-pressure-redistribution-on- 
a-vicair-adjuster-o2/

27

https://doi.org/10.3390/s17081923
https://doi.org/10.3390/s17102399
http://www.vicair.com/cc/pain-relief-through-pressure-redistribution-on-

	May 2024 Thesis Title Page Format Sample.pdf
	Final Draft Sapozhnikov.pdf
	Abstract
	Acknowledgement
	Table of Contents
	1 Background
	1.1 What is a pressure injury?
	1.2 What causes pressure injuries?
	1.3 Pressure injuries in wheelchair users
	1.4 Pressure Injury Prevention
	1.4.1 Nursing Strategies
	1.4.2 Sensor Based Prevention Systems
	1.4.3 Support Surfaces
	1.4.4 Cushions
	1.4.5 Cushion Evaluation

	1.5 Interface Pressure
	2 Motivation

	3 Prototyping Process
	3.1 Engineering Requirements
	3.2 Prototype Brainstorm
	Force Sensing Resistor (FSR) System
	Air Pocket Pressure Sensor
	Pressure-Sensitive Conductive Plastic (Velostat/Liquistat)

	3.3 Prototype Design
	3.3.1 Sensors
	3.3.2 Electronics
	3.3.3 Final Prototype

	3.4 Calibration

	4 Testing
	5 Conclusions and Future Work
	References




