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Abstract—This paper presents a wireless and wearable body-

pressure-monitoring system for the on-site, real-time prevention 
of pressure injuries for immobilized patients. For the prevention 
of pressure-induced skin injuries, a wearable pressure sensor 
system is designed to monitor the pressure at multiple sites on the 
skin and to alert the danger of prolonged application of pressure 
on the skin with a pressure-time integral (PTI) algorithm. The 
wearable sensor unit is developed using a pressure sensor based 
on a liquid metal microchannel and integrated with a flexible 
printed circuit board that includes a thermistor-type 
temperature sensor. The wearable sensor unit array is connected 
to the readout system board for the transmission of measured 
signals to a mobile device or PC via Bluetooth communication. 
We evaluate the pressure-sensing performances of the sensor unit 
and the feasibility of the wireless and wearable body-pressure-
monitoring system through an indoor test and a preliminary 
clinical test at the hospital. It is shown that the presented 
pressure sensor has high-quality performance with excellent 
sensitivity to detect both high and low pressure. The proposed 
system measures the pressure at bony sites on the skin for about 
six hours continuously without any disconnection or failure, and 
the PTI-based alarming system operates successfully in the 
clinical setup. The system measures the pressure applied to the 
patient and provides meaningful information from the measured 
data for early diagnosis and prevention of bedsores to doctors, 
nurses, and healthcare workers. 
 
Index Terms—Wearable device, wireless monitoring system, body 
pressure monitoring, flexible pressure sensor, liquid-metal-based 
sensor, temperature sensor, flexible printed circuit board, 
pressure-time integral, pressure-induced skin injury 
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I. INTRODUCTION 
ODY pressure monitoring plays an important role in 
healthcare applications as it provides information 
about body movement, body posture, and pressurized 

body parts [1]–[4]. Patients who cannot express their intention 
or control their body by themselves are at risk of bedsores, 
also known as pressure injuries, which cause pain, discomfort, 
and secondary infections over bony prominences, as a result of 
shear, friction, prolonged pressure, and other environmental 
effects. According to a previous report, 38.8% of pressure 
injuries occur on the heel (29.7%) and ankle (9.1%) for 
bedridden patients [5], [6]. Also, it is known that a continuous 
pressure of about 8 kPa to the skin for about 2 hours can 
initiate the process of skin damage to bedridden patients, and 
an increase in temperature at the site of pressure injury 
accelerates the progress of injury [7]–[9]. To prevent the 
deterioration of bedsores, continuous and simultaneous body 
pressure and temperature monitoring is required for areas 
where pressure injuries are most likely to occur, including 
sacrum, heel, ischium, ankle, elbow, and others [10]–[12]. 

Previous approaches to prevent the deterioration of bedsores 
include avoiding the concentration of pressure in a specific 
area and monitoring the pressure using a body-pressure-
monitoring platform. In [13], a simple air-sitting cushion is 
designed to disperse the concentrated pressure in a specific 
skin area. A low-mechanical-modulus structure can help the 
cushion to cover the bony part softly. In [14], a pneumatic air 
mattress system is developed to prevent the occurrence and 
deterioration of bedsores. It applies the pressure on each air 
cell by an air pump alternatively. These methods disperse the 
pressure to relieve the pressure on the skin. However, they 
operate without quantitative measurements of the pressure 
applied on risky body sites. 

To improve this, body-pressure-monitoring systems have 
recently been developed to quantitatively monitor body 
pressure while lying on the bed. In [15], using hundreds of 
arrays of pressure sensors installed on the bed mattress, the 
body pressure is monitored with a color map. This approach 
can quantitatively monitor the pressure applied on a large 
human body area but detects the pressure applied only to the 
area in contact with the mattress. The pressure on the part of 
the human body away from the mattress, like the knee and 
ankle, cannot be monitored using this system. Also, high 
power consumption and cost are required because the mattress 
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monitors even the parts that are not necessary to be observed 
to prevent pressure injury. Also, an algorithm to evaluate 
patients’ skin conditions from the quantitively monitored 
pressure value is not provided.  

In this work, a wireless body-pressure-monitoring system 
using wearable pressure sensors is demonstrated for the on-
site monitoring of the pressure applied on bony prominences, 
where skin injuries are more likely to occur, and the 
evaluation of patients’ skin conditions using an appropriate 
algorithm. 

II. DESIGN AND IMPLEMENTATION 
There are several requirements to consider thoughtfully in 

designing a wireless and wearable body-pressure-monitoring 
system to prevent immobilized patients from pressure injuries. 
The patient should be comfortable when the device is attached 
to the patient's body, and it should be convenient for the 
medical team to attach the device to and detach it from the 
patient. Also, the pressure sensor should have high sensitivity 
and accuracy for measuring low-level pressure because the 
pressure applied to the sensor is distributed as the patient is 
lying on the bed. There should be no additional pressure 
caused by the attachment of the device, and the use of wires 
should be minimized not to make limitations when the medical 
team changes the patient’s body position. Also, the device 
should be able to measure the pressure on multiple sites to 
detect skin conditions for various bony prominences on the 
patient’s body. 

In this work, a wireless and wearable body-pressure-
monitoring system is designed in such a way that all these 
considerations can be addressed properly. Fig. 1 describes the 
usage concept of the system in the clinical environment. The 
wireless and wearable body pressure monitoring system 
detects the pressure applied to a specific area on the patient’s 
body vulnerable to pressure injuries, estimates the patient’s 
skin condition, and notifies the medical team through an alarm 
when the skin condition is at risk.  

Fig. 2 shows the overall structure of the developed system. 
The system consists of three functional parts: sensor units, a 
readout module, and a base station with a pressure-time 
integral (PTI) algorithm. The sensor unit senses physical 
signals from the patient. The system has four sensor units, 

each with a pressure sensor and a temperature sensor, to 
concurrently measure eight individual signals in total. The 
pressure and temperature sensors in each sensor unit transduce 
changes in the pressure and temperature into changes in their 
resistances, respectively. All sensor units are packaged with 
elastic material for flexible and comfortable use. The 
packaged sensor units cover the sensing areas on the skin 
smoothly without irritating the skin and generating additional 
pressure due to the attachment of the sensor unit to the skin. 
The sensor outputs in the form of resistance are transferred to 
the readout module. Fig. 3(a) shows the concept of the 
wearable body-pressure-monitoring device, while Fig. 3(b) 
shows its actual implementation. In the readout module, the 
sensor outputs are translated to voltage signals, amplified, and 
then converted to digital data for wireless transmission to the 
base station. The PTI algorithm run in the base station 
converts the digital data from the wearable device to actual 
pressure values according to pre-characterized fitting curves. 
Then it accumulates the converted pressure values over time. 
If the time-accumulated result exceeds a predefined threshold, 
the system generates an alarm to notify the medical team for 
timely intervention. 

A. Sensor Unit 
The proposed sensor unit consists of two sensors: a pressure 

sensor and a temperature sensor. Since both are resistance-

 
Fig. 1. Usage concept of the proposed wireless and wearable body-pressure-
monitoring system in the clinical environment. 
 

 
Fig. 2. Overall structure of the developed wireless and wearable body-
pressure-monitoring system. 
 

 
Fig. 3. Wearable body-pressure-monitoring device: (a) conceptual diagram, 
(b) actual implementation (scale bar = 2 cm).  
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type sensors, the sensors change their resistance according to 
the pressure and temperature changes. The pressure sensor is 
used to sense the pressure applied to the patient’s skin and is 
developed using liquid metal. The temperature sensor is a 
thermistor used to measure the temperature around the area 
where the pressure sensor is attached. The used thermistor is a 
commercial part with a negative temperature coefficient and 
high sensitivity (NTCG104BH102HT, TDK, Japan). 

The sensor units are attached to the patient’s body directly, 
and the quality of signals sensed by the units determines the 
overall system performance. Therefore, the right material and 
method should be selected for packaging them so that the 
sensor units can provide reliable sensing performance and 
harmless deployment on the patient’s skin. Considering the 
practicability when used by the medical team, the sensor units 
are attached to the skin using a medical dressing. It is 
beneficial for its excellent elasticity and air permeability, 
being friendly in a clinical environment. Silicone (Dragon 
SkinTM 10, Smooth-On, USA) is employed as a packaging 
material for the sensor units. Fig. 4 shows the implementation 
of the packaged sensor unit containing the pressure and 
temperature sensors. 

Recently, liquid-state pressure sensors using ionic liquid 
and liquid metal have been introduced for wearable electronic 
devices [16]–[21]. These devices have the advantage of being 
flexible and stretchable by using liquid electrodes as a sensing 
material. Also, liquid electrodes are robust against repeated 
loading and unloading. Liquid-metal-based pressure sensors 
have high electrical conductivity, negligible vapor pressure at 
room temperature, self-healing properties, unlimited reversible 
strain range, and low toxicity [22]–[27]. However, pressure 
sensors based on liquid metal have difficulties in monitoring a 
small pressure of a few kPa due to their limited sensitivity. In 
this work, we employ a microbump-integrated liquid-metal-
based soft pressure sensor with high sensitivity [28], [29]. An 
array of microbumps are introduced to enhance the sensitivity 
by locally concentrating the deformation of the liquid metal 
microchannel with negligible hysteresis and excellent stability 
under cyclic loading. Note that low-level pressure sensing is 
important in our target application to reliably detect normal 
conditions where the pressure is well distributed without being 
concentrated on the patient’s bony prominences.  

In general, the liquid-metal-based pressure sensor requires 

an external rigid plate or support structure to ensure its sensing 
mechanism, mechanical stability, and high sensitivity. While 
the external rigid plate and support structure prevent the 
sensing performance change when the sensor is stretched, they 
make it difficult to measure pressure in the areas with large 
curvatures, such as bony prominences. To solve this issue, the 
developed pressure sensor adopts microbumps and a flexible 
printed circuit board (FPCB). The microbumps are embedded 
in the fabrication process of the pressure sensor, and they act 
as the support structure, maintaining the sensor unit flexible. 

Fig. 5 shows the components and fabrication process of the 
sensor unit [28]. The sensor core consists of a microchannel-
patterned top layer, a liquid metal microchannel electrode, 3D-
printed microbumps, and a bottom layer. The top and bottom 
layers are fabricated using a stretchable elastomer with an 
extremely high stretchability and a low elastic modulus. These 
characteristics are essential because these layers act not only 
as a substrate for ensuring sensor flexibility but also as an 
encapsulation layer for preventing liquid metal leakage. Then, 
a multilayered structure, composed of a sacrificial layer for the 
microchannel formation and an array of rigid microbumps, is 
fabricated using a 3D printing process. After the encapsulation 
of the multilayered structure, the sacrificial layer is selectively 
removed using water intrusion to produce the microchannel, 
while the 3D-printed rigid microbumps are monolithically 
integrated with the microchannel. The empty microchannel is 
then filled with liquid metal. Lastly, the fine holes for the 
process of water intrusion and liquid metal injection are filled 
with the same material as that used in the previous 
encapsulation process. 

A small hole is made below the pressure-sensing area (Fig. 
4) so that the SMD-type temperature sensor can measure the 
temperature of the area where the pressure is measured. The 
temperature sensor is soldered on the FPCB, acting as the 
support structure. The fabricated pressure sensor core is 

 
Fig. 4. Implementation and exploded schematic illustration of the proposed 
sensor unit (scale bar = 5 mm). 

 
Fig. 5. Components and fabrication process of the proposed sensor unit. 

 
Fig. 6. Sensor unit under various deformation modes: (a) stretching, (b) 
twisting, (c) folding, and (d) bending. 



4 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

attached to the FPCB, as shown in Fig. 5. The FPCB prevents 
the device from being stretched except in the pressure-sensing 
area. On the other hand, the liquid metal electrodes can be 
stretched as the serpentine electrodes of the FPCB do. Then, 
the copper pads on the FPCB are connected with electrical 
wires. Two pads on each side measure the resistance of the 
pressure sensor, and the other two pads measure the resistance 
of the thermistor. After all, the pressure sensor integrated with 
the FPCB is covered with soft top and bottom cases made of 
silicone to prevent any mechanical failure. 

Fig. 6 shows the robustness of the packaged sensor unit 
under various mechanical deformations of stretching, twisting, 
folding, and bending. These mechanical characteristics can 
guarantee high conformality on the skin and adaptability to 
various human motions while attached. 

The performances of the developed pressure sensor are 
evaluated in terms of normalized resistance change, detection 

limit, response time, and dynamic response. Continuous 
pressure is applied using a universal testing machine (AG-X 
plus, Shimadzu, Japan) for full loading-unloading cycles. To 
apply the pressure on the sensing area of the sensor, an acryl 
cube with a contact area of 10 mm x 10 mm is placed on the 
sensor. The pressure is applied with a loading speed of 0.3 
mm/min, while the corresponding resistance is measured by a 
source measurement unit (Keithley 2400, Tektronix, USA) 
with the Kelvin resistance measurement method using four 
probes. Fig. 7 shows the measurement results. Fig. 7(a) plots 
the normalized resistance change of the pressure sensor, which 
is approximately five times higher than that of the typical 
liquid-metal-based pressure sensor without microbumps at a 
pressure of 50 kPa. 

It is important to measure the pressure and temperature 
under prolonged static pressure in a wide pressure range for 
pressure monitoring in the injury-preventing application. As 
shown in Fig. 8(a), when 10, 20, and 30 kPa of pressure is 
applied to the sensor unit for over 7 hours, the signals are 
found to be maintained still without any drift. In addition, the 
soft silicone covers are colored with thermochromic material, 
which changes color from black to red when the temperature 
increases above 40 oC, as shown in Fig. 8(b). It provides the 
medical team with a direct visual indication to judge whether 
the temperature at the sensing area is excessive. 

B. Readout Module 
The overall block diagram of the readout system board is 

drawn in Fig. 9. The readout module is designed for 
converting the pressure and temperature signals sensed by the 
sensor units to electrical signals and then to digital data, 
improving the signal quality by signal conditioning, and 
transmitting the digital data to the base station capable of 
running the programmed algorithm. 

The supply voltage for operating the chips on the board is 

 
Fig. 7. Measured performances of the pressure sensor: (a) relative resistance 
change vs. applied pressure, (b) response time for step pressure input, (c) real-
time response to five consecutive stretching (30%), folding, and touching 
events, (d) real-time response to loading and unloading of finger force. 

 
Fig. 8. Additional experiment results of the sensor unit: (a) long-term signal 
stability under constant pressure (10, 20, and 30 kPa) for over 7 hours, (b) 
response to temperature change: color change of thermochromic silicone 
elastomer at the critical temperature, 40 °C. 
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provided by a low-dropout regulator (LDO) chip (TPS73033, 
Texas Instruments, USA) connected to a Li-Po battery. As 
explained, the pressure and temperature sensors are resistive 
sensors, which generate resistance changes corresponding to 
changes in the pressure and temperature applied to the sensors, 
respectively. The change in resistance is converted to the 
voltage signal. There are various methods for converting 
resistance to voltage. In this design, a simple method of using 
the current source is adopted. Since the proposed pressure 
sensor has a very small initial resistance at the level of a few 
Ω, a method using the voltage source leads to excessive power 
consumption, and configurations such as a voltage divider and 
a Wheatstone bridge requiring additional external resistors 
lead to inaccurate measurement results due to variations in the 
nominal value of the sensor resistance and mismatches 
between external resistors used for the configuration. 

Therefore, the system is designed to flow well-defined 
current through the sensors using current sources, directly 
converting the resistance value to the voltage signal. The 
voltage signals are in the analog form, and an analog-to-digital 
converter (ADC) translates them into digital signals for 
transmission through the wireless communication module. 
However, the ADC has limitations in its input range. Also, the 
initial resistances and sensitivities of the pressure and 
temperature sensors are different from each other. For these 
reasons, the system is designed by using two current sources 
capable of delivering the current of different intensities. The 
LM334 current source chip by Texas Instruments is used in 
this design. One current source flows a current with a 
magnitude of 8 mA for the pressure sensor, and the other 
flows a current of 1.5 mA for the temperature sensor. 

For similar reasons, two amplifiers are implemented to 
amplify the magnitude of the sensed voltage signals, and each 
of them is designed to have a specific amplification gain 
determined to fit the characteristics of each sensor. The 
amplifiers are the noninverting type implemented using the 
OPA2209 by Texas Instruments. 

The paths through the current sources, sensors, and 
amplifiers are formed using two external multiplexers. The 
multiplexer chip NX3L4051 by NXP is used in this work. The 
analog voltage signals are fed to the ADC through the internal 
multiplexer in the microcontroller unit (MCU) and converted 
to digital data. All the external and internal multiplexers are 
controlled by the MCU chip ATSAMD21G18A-U by 
Microchip Technology Inc. 

Finally, the converted digital data are transmitted to the 
base station through Bluetooth communication implemented 
using a BoT-CLE110 Bluetooth low energy (BLE) module by 
CHIPSEN. The overall power consumption is 195 mW, and 
the system can operate for about 7.2 hours when a 
rechargeable Li-Po battery with a capacity of 380 mAh at 3.7 
V is used. Fig. 10(a) shows the fabricated system board and all 
its components. 

For wearable devices, the number of wires used for 
connecting sensors should be minimized because the wires 
generate electrical parasitics and their movement distorts 
sensor signals during the acquisition process. Also, long wires 
limit the patients’ movement and posture. Considering these 
requirements, the package for the readout module is designed 
to be placed on the patient’s wrist or ankle in a compact size 
so that the device can be fixed stably and located not far from 
the sensors. The package comprises several parts – a main 
body, a stretchable band, a wire connector, a room for the 
battery, and a top cover. They are 3D-printed using the FDM 
3D printer. Fig. 10(b) shows the parts for the readout module, 
while Fig. 10(c) shows the integrated main body, readout 
system board, and stretchable band. The package has a form 
factor of 40 mm x 40 mm x 27 mm. 

The main body mechanically supports all the parts for 
packaging. The stretchable band fits into the groove of the 
main body, allowing the readout module to be worn on the 
patient’s wrist or ankle comfortably. The main body has room 
for holding a Li-Po battery, and the developed readout system 
board is placed on top of the battery. The wire connector is 
prepared for wires connecting the sensor units and the box 
header on the readout system board. One tube-type wire 
bundle comes out from each sensor unit. Two signal lines 
from the pressure and temperature sensors and one ground line 
are insulated from each other and contained within the tube. 

 
Fig. 9. Overall block diagram of the readout module. 

 
Fig. 10. Implementation of the readout module: (a) system board with all 
necessary components integrated (scale bar = 1cm), (b) exploded view of the 
readout module package, (c) actual implementation result (scale bar = 1 cm). 
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The length of the tube-type wire bundle is 20 cm by default 
and adjustable from 15 cm to 25 cm by pushing and pulling 
the wire bundle. It ensures that the sensor units can be stably 
attached to various body areas requiring pressure monitoring. 
All the packaging parts are firmly assembled by matching the 
grooves on each part. The parts can be easily dismantled and 
reassembled for maintenance. 

C. Base Station with Pressure-Time Integral (PTI) Algorithm 
In our design, the base station can be selected between two 

options. One is a smart device like a smartphone or tablet, and 
the other is a personal computer (PC). When a smart device is 
employed as the base station, the Bluetooth connection 
between the smartphone and the BLE module on the board is 
easily established using the Bluetooth connection protocol 
built into the smartphone. If a PC is used as the base station, 
the system additionally needs an interface board to receive the 

data using a USB port of the PC. The interface board is 
implemented using the FT232 USB-UART module and the 
same BLE module as the one used in the readout module. 

The presented sensor units and readout module acquire the 
pressure data, which should be translated into the actual 
pressure values at the base station. For this conversion, data 
fitting is executed for each sensor. While continuous pressure 
is applied to each sensor unit from 0 kPa to 50 kPa by using 
the universal testing machine, the response of the sensor unit 
to the applied pressure is measured. The same experiment is 
repeated three times to collect sufficient data and prevent the 
characteristic curve from being overfitted. Fig. 11(a) shows 
the collected data in voltage, and Fig. 11(b) is the zoomed-in 
plot obtained by expanding a part of the curves in Fig. 11(a) 
over the range from 24.5 kPa to 25.5 kPa. Fig. 11(a) proves 
that the errors between results from repeated measurements 
are very small, and thus the presented pressure sensor has 
excellent repeatability. 

Although the fitting result may be better when the curve 
fitting is performed using a high-order polynomial, the result 
has a high probability of being overfitted. Once overfitted, it is 
likely that the inverse function for the high-order polynomial 
curve does not exist. To avoid this problem, the fitting is 
executed with two base functions: y = AeBx + C and y = Dx + 
E. These base functions are chosen intuitively from the data 
observation. Fig. 11(a) shows that the collected data follow an 
exponential function when the pressure level is low and then a 
linear function as the pressure level increases. The data are 
normalized before data fitting is conducted because the data 
have large differences between their x-axis values and y-axis 
values. Fig. 11(c) shows the result of data fitting. Then, the 
inverse function of the fitting curve is calculated. Fig. 11(d) is 
the final result used for converting the response of the sensor 
unit from voltage values to actual pressure values. Once the 
curve fitting is completed, the coefficients of the fitted curves 
A, B, C, D, and E are programmed in advance. Then, the 
conversion from voltage values to pressure values is carried 
out in a device capable of executing program codes after the 
voltage data in digital format is transferred through Bluetooth 
communication. 

An algorithm is proposed to calculate a value indicating the 
possibility of pressure-induced injury occurrence and alarm 
the medical team when necessary. It is known that pressure 
injury occurs when excessive pressure is applied to the skin 
for a prolonged period. Therefore, the PTI value can be a good 
indicator that quantifies the risk of pressure injury. As shown 

 
Fig. 11. Measured response of the sensor unit and its fitting curve: (a) 
response when a continuous pressure from 0 kPa to 50 kPa applied, (b) 
expanded view of (a), (c) fitting curve of the measured response, (d) inverse 
function of the fitting curve. 

 
Fig. 12. PTI algorithm: (a) mathematical meaning of the PTI value, (b) actual 
calculation method to obtain an approximate PTI value. 
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in Fig. 12(a), the PTI value means the area below the pressure-
time curve. In practice, the approximate value of the PTI is 
calculated, as described in Fig. 12(b). The probability of 
pressure injury occurrence becomes higher as the PTI value 
increases. 

Fig. 13 shows the overall flow chart of the PTI algorithm. 
The PTI value is updated when the base station device 
receives a new data sample. If the PTI value exceeds a certain 
threshold, the algorithm generates an alarm to notify the 
medical team. However, using a fixed value for thresholding is 
not reasonable to prevent pressure injuries effectively because 
the risk of pressure injury significantly depends on various 
factors such as the patient’s environment, weight, and skin 
condition. Therefore, in our system, the clinician can set 
different threshold values customized for specific patients and 
clinical settings.  

In the algorithm, another variable, recovery time, is used to 
indicate the time required for the recovery of the patient’s skin 
from a dangerous condition. If the algorithm generates an 
alarm, the medical team changes the patient’s posture so that 
the pressure applied to the specific body area can be relieved. 

Once the applied pressure is reduced sufficiently (down to < 
0.5 kPa), the algorithm judges that the patient is in a recovery 
state and decreases the PTI value using a recovery slope 
calculated as (threshold value) / (initial recovery time value). 
The initial value of recovery time can also be set differently 
for different patients and environmental conditions. 

Fig. 14 shows an example of scenarios to describe the 
relationship between the received pressure value, PIT value, 
and recovery time. For the received pressure values in the top 
plot of Fig. 14, the PTI value is calculated as shown in the 
middle plot. In region 1, the PTI value increases over time and 
reaches the threshold, leading to alarm generation. In region 2, 
the pressure is removed, and thus the PTI value decreases with 
the rate determined by the recovery slope. Note that the 
recovery time does not change from its initial value because 
the PTI value does not go beyond the threshold. Then, 
throughout regions 3 and 4, pressure is applied to the patient’s 
body. As a result, the PTI value increases continuously and 
reaches twice the threshold value in the end. Once the PTI 
value exceeds the threshold, the recovery time value also 
increases at the same rate as the PTI value. After the 
intervention by the medical team, the pressure is removed in 
region 5, and the PTI value decreases back to zero by the 
recovery algorithm. The recovery time is also reset to its initial 
value. Lastly, in region 6, the PTI value increases as much as 
the pressure is applied. However, no alarm is generated 
because the PTI value does not reach the threshold. The 
recovery algorithm is not activated, either. 

In our system, the algorithm is executed on mobile devices 
(e.g., smartphones, tablets) or PCs. Fig. 15 shows the 
application for mobile devices and the interface board for PCs. 
The application is developed using a platform, MIT App 
Inventor. As shown in Fig. 15(a), buttons for establishing a 
Bluetooth connection are placed in the top section of the 
graphical user interface (GUI). In the middle section, there are 
fields to enter the file name for storing raw data and 
customized values for the threshold and recovery time. In the 
bottom section, there are checkboxes for sensor units 
visualizing their alarm on/off status and a display for plotting 
the measured data. Fig. 15(b) shows the interface board, which 

 
Fig. 13. Flow chart of the PTI algorithm. 

 
Fig. 14. Example of the operation scenario. 

 
Fig. 15. Implementation of the base station: (a) application software for 
mobile devices, (b) interface board for PCs. 
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is inserted into the USB port on the PC for establishing a 
Bluetooth connection. 

III. EXPERIMENT 
To evaluate the performance of the wireless and wearable 

body-pressure-monitoring system, the experiment is conducted in 
two different settings. The first experiment is carried out on a 
normal person in an indoor environment to evaluate the data 
acquisition performance of the developed system. Then, the 
experiment in a clinical environment is conducted on a patient to 
evaluate the overall system performance, including the PTI 
algorithm. All preclinical and clinical experiments were 
conducted in accordance with Guidelines issued by the 
Institutional Review Board at the Eulji Medical Center, Eulji 
University, Daejeon, South Korea. 

A. Preclinical Experiment 
The preclinical experiment is conducted when a subject 

sleeps for about 6 hours. The developed readout module is 
worn on the subject’s leg, and the length of the stretchable 
band is adjusted for a comfortable fit. Then, the four sensor 
units are attached to the subject’s bony prominences using 
medical dressing. Fig. 16(a) shows how the readout module 
and sensor units are deployed. One sensor unit (S1) is attached 
to the outer ankle, two units (S2 and S3) to the heel, and the 
other one to the inner ankle (S4). The data is acquired and 
transferred to the laptop, and the subject’s movement is 
recorded by the camera on the smartphone (Galaxy 9+, 
Samsung, Korea). In addition, the temperature of the room is 
recorded with a digital thermometer. Fig. 16(b) shows the 
overall experimental setup. 

All the acquired data are plotted in Fig. 17(a). There are 20 
events of changing sleeping posture in total. In Fig. 17(a), the 
grey dotted lines indicate the time points of posture change. 
After the initial attachment of sensor units, a large impulsive 
pressure change is detected when putting the patient’s legs on 
the bed. The monitored data can be categorized into three 
patterns: supine posture, posture change, and locally 
concentrated pressure between ankles. 

The supine posture data represent that the subject lies upright 
with the heel and mattress in contact. In the supine posture, the 
pressure values from the sensor units at the heel (S2 and S3) stay 
almost constant, and the absolute pressure values are relatively 
low because the sensors are in contact with the soft surface 
without a strong impact. The sensor units placed at the other 
positions (S1 and S4) acquire very low pressure values because 

they are not in contact with any surface. Fig. 17(b) shows the 
pressure values from different sensor units in the supine posture. 
S2 and S3 acquire relatively constant pressure values below 10 
kPa, while the pressure values from S1 and S4 are even lower. 

Secondly, the posture change data indicates that the subject 
suddenly changes the lying posture in various ways, and thus, 

 
Fig. 16. Setups for preclinical experiment: (a) deployment of the sensor units 
and readout module, (b) overall settings. 

 
Fig. 17. Preclinical experiment results: (a) all the pressure data measured for 6 
hours continuously, (b) pressure data for supine posture, (c) pressure data for 
posture change, (d) pressure and (e) temperature data for locally concentrated 
pressure between ankles. 
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dramatic changes in pressure values are detected by sensor 
units. Fig. 17(c) shows an example of data patterns when a 
sudden change in posture occurs. When the data is acquired in 
Fig. 17(c), the subject drops his leg onto the bed. It causes a 
large impact on the sites that come into contact with the 
mattress at the instance. Therefore, large increases in pressure 
values are detected by the sensor units attached to the 
corresponding sites. 

Lastly, when the subject is in a side-lying posture, the inner 
ankles, which are bony prominences, are sometimes in contact 
with each other. At that time, the acquired data indicate the 
pressure locally concentrated at the inner ankle. As shown in 
Fig. 17(d), the pressure remains at large values of about 60 to 
75 kPa. In this posture, the temperature increase is also 
detected, as shown in Fig. 17(e). 

B. Clinical Experiment 
The clinical experiment is conducted on an actual patient in 

the intensive care unit. The patient is awake but cannot make 
any significant movement by himself. For this experiment, the 
developed readout module is worn on the patient’s leg as in 
the preclinical experiment. Then, the four sensor units are 
attached to the patient’s bony prominences using medical 
dressings, as shown in Fig. 18(a). S1 is placed at the outer 
ankle, S2 at the outer heel, S3 at the inner heel, and S4 at the 
sole near the heel. The data is acquired for one hour and 
transferred to the smartphone. All experimental procedures are 
recorded by the camera on a tablet (Galaxy Tab S5, Samsung, 
Korea). Fig. 18(b) shows the experimental setup. 

All the acquired data are plotted in Fig. 19(a). The pressure 
is mainly concentrated on the two sensor units, S2 and S4. Fig. 
19(b) shows the PTI values calculated from the pressure 
values acquired by sensor units. The PTI values for S2 and S4 
increase rapidly over time, and the value for S2 reaches the 
threshold after about 47 mins, generating an alarm. Note that a 
predefined value of 10,000 kPa∙s is used for thresholding in 
this experiment. To prevent the risk of pressure injury, a 
blanket is put under the patient’s calves so that his heels can 
stay not in contact with the bed. After this intervention, the 
recovery algorithm decreases the PTI value over time, as 
shown in Fig. 19(b). The initial value of the recovery time is 
set to 12,000 s in this experiment. Figs. 19(c) and 19(d) show 
the posture of the patient’s legs and the pressure data before 
and after the action is taken. It is verified that the developed 
system with the PTI algorithm can prevent pressure injuries 

effectively in clinical settings. 

IV. CONCLUSION 
The wireless and wearable body-pressure-monitoring system 

consisting of four sensor units, a readout module, and a PTI 
algorithm is proposed and implemented. The developed 
pressure sensors are based on liquid metal and have high 
sensing performance, self-healing properties, unlimited 
reversible strain range, and nontoxicity. Using the proposed 
sensor units and readout module, the pressure and temperature 
data are continuously acquired from multiple body sites. Then, 
from the acquired pressure information, the PTI algorithm 
evaluates the risk of pressure injury occurrence and notifies the 

 
Fig. 18. Setups for clinical experiment: (a) deployment of the sensor units and 
readout module, (b) overall settings. 

 

 
Fig. 19. Clinical experiment results: (a) all the pressure data acquired for 1 
hour continuously, (b) PTI value calculated from the acquired pressure data, 
(c) pressure data and posture before the PTI value reaches the threshold, (d) 
pressure data and posture after the intervention. 
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medical team when the estimated risk exceeds a predetermined 
threshold. The information of pressure applied to a patient's 
body can be acquired concurrently from 4 different sites and 
continuously for 7.2 hours through wireless communication 
when a rechargeable Li-Po battery with a capacity of 380 mAh 
at 3.7 V is used. Through preclinical and clinical experiments, 
the successful operation and reliable performance of the 
developed system are demonstrated, and more importantly, the 
effectiveness of the system in protecting patients from the risk 
of pressure-induced injuries. 
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