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With the growing financial burden of chronic wound management in clinics and hospitals, it is high time
to devise wireless wound monitoring devices to be placed within wound dressing for continuously sens-
ing the wound milieu. Sensors are a vital part of such monitoring system, enabling it to sense and mea-
sure variations in wound parameters. This paper describes the calibration, characterization and real-time
testing of selected temperature, moisture, and pressure sensors deemed suitable for wound monitoring
applications. The sensors were chosen on the basis of small size, non-invasiveness, reliable performance,
low power consumption and their suitability for placement within wound dressings. All selected sensors
were first individually calibrated and characterized using commercially-available software and measure-
ment tools, they are then collectively interfaced to a custom-designed flexible radio-frequency transmit-
ter device for real-time performance measurement within a clinical-grade wound bandage. Experimental
results on a mannequin leg have validated the low-power operation, and reliable sensing and data trans-
mission capabilities. The nominal measurement resolutions obtained for temperature, moisture, and
pressure were 0.15 �C, 0.85–5 %RH, and 0.05–0.56 mmHg, respectively.

� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Modern living is overwhelmed by the ever increasing costs of
treatment and care for non-healing chronic wounds such as venous
leg ulcers, diabetic foot ulcers etc. [1]. Australia alone spends
almost $2.5 billion annually on wound management with about
4000 limb amputations per year [2]. Chronic wound management
also creates a burden in terms of nursing care and hospitalization
time. During 2010, almost 6.5% of total diseases and 31% of nursing
activities were attributed to wound management in Australia [3].
The USA has spent almost $3 billion during 2006–07 [4], while
the UK has spent £26 million during 2008–09 [1] for the treatment
of non-healing chronic wounds. Throughout the world, this cost is
on the rise with an estimate of over $20 billion in the near future
[5].

Understanding the healing trajectory of wounds is important to
mitigate the effects of non-healing wounds on society and on the
economy. Wound healing is a complex biochemical process
divided into four distinct phases (i) haemostasis, (ii) inflammation,
(iii) proliferation, and (iv) remodelling [4]. A wound is properly
healed up if all of these phases occur in their natural sequence.
However, if one or more stages are prolonged for any reason, the
healing process is impaired, resulting in delayed or non-healing
wounds [6], [7]. Many factors contribute to impaired healing,
including oxygenation, age, gender, infection, diet, hormones,
stress, diabetes, medications etc. [4].

Covering a chronic wound with suitable dressing is the most
economical and effective way of treatment [8]. For some wounds,
appropriate pressure bandages are also applied to absorb the
wound exudate and expedite healing [9]. Healing rate may be
increased by providing external moisture to the wound site
through moisture-retentive dressings [10]. When healing pro-
gresses, wound exudate gradually diminishes. At this stage, a spe-
cial type of dressing is required (e.g. foams, hydrogels or
hydrocolloids) to maintain the required moisture level at the
wound site. Otherwise, the wound may not heal due to hypoxia
[11]. Furthermore, wound-site temperature and pH level may also
be used with other parameters, such as moisture level, nitric oxide
concentration etc., to predict the status of wound healing [12],
[13], and hence the proper time to change the dressings may be
determined. However, in current clinical practice, most of the
dressings are changed routinely without any scientific reason or
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clinical evidence which complicates the problem of impaired
wound healing.

The literature shows scarce efforts made for the development of
diagnostic tools and devices with potential for effective monitoring
of chronic wounds. Matzeu et al. [14] demonstrated an RFID-based
skin temperature monitoring system obtaining a 0.2 �C tempera-
ture measurement accuracy. A flexible platinum-based miniatur-
ized temperature sensor is proposed by Moser and Martin [15] to
operate within 0-400 �C range. However, the sensor has not been
used in wound dressings. McColl et al. [16] have developed an
impedance sensor-based moisture monitoring system for wound
dressings. Based on this principle, Ohmedics� has developed a
commercial moisture monitoring device called WoundSense�

[17]. However, the sensing system is not designed to stay within
the dressing for continuous moisture measurement. To date, no
device exists for continuous monitoring of sub-bandage pressure,
though some sub-bandage pressure meters, such as Kikuhime�,
are in practice, but they have very limited clinical application. Min-
iaturized pressure sensors have been designed and used for other
applications such as intracranial pressure (Codman� [18] and
Mejzlik [19]), intraocular pressure (Ning et al. [20]), spinal plates
pressure (Sauser et al. [21]) and for general in-vivo applications
(Clausen et al. [22], Willyan et al. [23] and Hill et al. [24]).

For a wound monitoring system, calibration and characteriza-
tion of sensors is important in order to sense accurate information
beneath the dressing. Incorrect sensor measurements will nega-
tively impact on clinical decisions about the wound under observa-
tion. In our recent review article [25], we have highlighted the gap
in potential use of modern sensors and wireless technology for
wound monitoring applications. In this paper, we present methods
for calibration and characterization of temperature, moisture, and
pressure sensors deemed suitable to be interfaced with a wireless
telemetric sensing system. The sensors were carefully selected
considering their small size, low power operation, flexibility and
minimal invasiveness to the wounds. The calibrated sensors were
interfaced with the developed prototype sensing system, and the
performance of the system was tested by placing the system and
sensors under a compression bandage on a mannequin leg.
2. Methods and materials

2.1. Temperature sensor calibration

Monitoring temperature at the wound site is important in the
sense that temperature rise gives an indication of a possible infec-
tion [26]. Although a number of miniature temperature sensors
are commercially available, we have chosen LM94021B (Texas
Instruments) temperature sensor, due to its compact size and
configurable operation. This sensor can operate from a 1.5–5.5 V
supply voltage with a typical 9 lA current consumption. Its gain
can be controlled through a combination of gain select pins (GS0
and GS1). The size of this sensor is 2.15 mm � 2.40 mm � 1.1 mm
(L �W � H), and the sensor has a nominal accuracy of ±1.5 �C
over the temperature range 20–40 �C [27]. For testing and calibra-
tion purposes, a small 5 mm � 5 mm standard printed circuit
board (PCB) was prepared (Fig. 1(a)).

The datasheet of LM94021B sensor contains the transfer table
for various gain settings at 5 V supply voltage. We have tied
[GS1:GS0] pins to logic 1 to obtain the highest gain of 13.6 mV/
�C. Entering this transfer table into the MATLAB curve-fitting tool
(cftool), the following mathematical relationship was obtained
between temperature and output voltage.

Tð�CÞ ¼ �0:07269
�C

mV

� �
� VoutðmVÞ þ 191:2ð�CÞ ð1Þ
The transfer function in Eq. (1) is linear with a 5 V supply volt-
age. (Fig. 1(b)). The temperature sensor was then calibrated over
the 20–50 �C range using the Digitech QM 1535 multimeter.
2.2. Moisture sensor calibration

2.2.1. Active moisture sensor
An active sensor requires an excitation signal to produce an out-

put. This signal may be a constant voltage or a constant current. In
our system, we have used Honeywell’s HIH4031 piezoelectric
moisture sensor [28]. The sensor (Fig. 2(a)) has the dimensions of
8.59 mm � 4.2 mm � 3.5 mm (L �W � H) and operates at 5 V sup-
ply voltage. Its measurement range is 0–100 %RH with normal
accuracy of ±3.5 %RH. Typical current consumption of this sensor
is 200 lA. The datasheet of HIH4031 sensor shows a dependency
of output voltage on temperature.

For calibration and characterization, we used two moisture sen-
sors with one sensor acting as a reference. These sensors were
placed on opposite sides of a mannequin leg (Fig. 2(b)) and then
covered with a commercial compression bandage Coban™ 2
(Fig. 2(c)), which was wrapped around the leg. Both sensors were
powered up using a 5 V supply and their output data was sampled
at 100 mHz using National Instruments data acquisition card NI
DAQ 6009. After about 30 s, distilled water was sprayed near the
dressing portion above the second moisture sensor. The experi-
ment was conducted at 22 �C for about 6 h and the acquired data
was plotted using Microsoft Excel (Fig. 3). The graph in Fig. 3 con-
firms that the Honeywell moisture sensor HIH4030 is suitable for
wound monitoring applications. The following mathematical equa-
tions (Eq. (2) supplied by the manufacturer) [28] were used to cal-
culate the moisture level at any temperature.

%RH ¼
161:2903 Vout

Vsupply
� 0:16

h i
½1:0546� 0:00216� Temperatureð�CÞ� ð2Þ
Moisture Level ¼ j%RHðsensor2Þ �%RHðsensor1Þj ð3Þ
2.2.2. Passive resistive moisture sensor
A passive resistive moisture sensor operates without any exci-

tation signal and produces a change in resistance or impedance
between its terminals in response to a change in moisture. We
have used Multicomp’s HCZ-D5 device, which measures
10 mm � 5 mm � 0.5 mm (L �W � H) in size. It consists of two
inter-digitized terminals on a substrate made of alumina
(Fig. 4(a)). The rated humidity accuracy of this sensor is ±5 %RH,
slightly worse than the accuracy of the active moisture sensor.
However, its small size and delicate architecture makes it quite
suitable for wound monitoring applications.

For our application, we have used the HCZ-D5 sensor as a vari-
able moisture-sensitive resistor in a differential operational ampli-
fier circuit (Fig. 4(b)). This circuit uses LM358 operational amplifier
IC that is capable of producing rail-to-rail full swing output volt-
age. The sensor’s datasheet provides the value of its resistance as
a function moisture level (20–90%RH) for the temperature range
5–60 �C. We have used these resistance values with the following
equation (Eq. (4)) obtained through circuit analysis to determine
the output voltage expression for the interface circuit in Fig. 4(b).

Vout ¼
RM

RMþRsens

� �
V s

2
ð4Þ

where, RM is the resistance between positive input terminal of
LM358 and ground, Rsens is the variable resistance of the HCZ-D5
sensor and Vs is the supply voltage. The values of Rsens and Vout
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Fig. 1. (a) A 5 mm � 5 mm FR4 PCB prepared for testing and calibration of LM94021 temperature sensor. The gain select pins (4) and (5) are connected to supply voltage. (b)
Transfer function of LM94021 sensor obtained by plotting its temperature vs. output voltage data in the MATLAB curve-fitting tool.

(c) (b)

(a)

Moisture sensors

Fig. 2. (a) A snapshot of the Honeywell HIH4031 moisture sensor having dimen-
sions 8.59 mm � 4.2 mm � 3.5 mm (L �W � H). (b) Experimental setup showing
the placement of two moisture sensors on opposite sides of the mannequin leg. One
sensor is taken as reference while the measurement of the other sensor is compared
with that of reference sensor. (c) Commercial elastic compression bandage Coban™
2 used for dressing the mannequin leg.
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are plotted against the moisture level for a selected temperature
range of 25–40 �C (Fig. 4(c)).

Fig. 4(c) also shows the variation of sensor’s characteristic
impedance and hence the output voltage with temperature. How-
ever, as the sensor will be placed within wound dressing where the
nominal human skin temperature is expected to be around 35 �C,
so the curve associated with this temperature is of particular inter-
est for our system. Using the MATLAB curve-fitting tool, the follow-
ing polynomial expression for the moisture level at 35 �C was
obtained.

M ¼ p1m3 þ p2m2 þ p3mþ p4 ð5Þ

where, p1 = 1.228 � 10�8, p2 = �4.178 � 10�5, p3 = 0.05692 and
p4 = 20.2, while M is the moisture level in %RH and v represents
the output voltage in mV. The HCZ-D5 sensor was tested for real-
time moisture measurements within the wound dressing by placing
it on a mannequin leg and powering it through the interface circuit
(Fig. 5(a)). The output voltage was measured by taking some 8000
samples using National Instruments’ data acquisition card NI DAQ
6009 with a sampling rate of 1 Hz. It is evident from the graph
(Fig. 5(b)) that this moisture sensor is capable of reliable moisture
measurements in a wound environment. However, the initial
response of passive sensor was slower than that of active sensor
and it required additional interface electronics for its proper opera-
tion. Furthermore, due to the insensitivity of the device for moisture
levels lower than 20 %RH and above 90 %RH (as the manufacturer
did not supply impedance data for this range), the sensor can only
measure moisture within the range 20–90 %RH.
2.3. Pressure sensor calibration

Pressure therapy via compression bandaging is an established
clinical technique used to improve the healing rate of chronic
wounds such as venous leg ulcers [29,30]. The pressure range var-
ies from 14 to 40 mmHg depending on the type, volume and loca-
tion of the wound [31]. While effective for treatment of chronic
wounds, pressure therapy may be counter-productive if incorrect
pressure is applied. Quite often, clinicians and nurses rely on their
experiences to judge the adequacy of the sub-bandage pressure, as
there is no objective mechanism to monitor the sub-bandage
pressure during and after application of the bandage. Hence, a
real-time sub-bandage pressure monitoring system may improve
the efficacy of the pressure therapy and translate into improved
chronic wound healing [30].

A number of sensors are available for measuring pressure in a
gas or liquid [25,13], though, the majority of them is unsuitable
for monitoring of sub-bandage pressure in compression bandages.
For this application, the sensor needs to be flexible, non-invasive
and of a minimal size (e.g. a few millimetres in diameter). After a
thorough search, we have found that Interlink Electronics’ FSR
series flexible force sensors [32] could be used as pressure sensors
within a compression bandage. For a prototype system, we chose
the FSR402 sensor with a size of 13 mm diameter and a 56 mm
long stem (Fig. 6(a)).

Since the sensor is piezoresistive, it requires additional interface
circuitry to operate it as a variable resistor in a differential ampli-
fier configuration (Fig. 4(b)). A force applied at the sensor tends to
reduce the impedance of the sensor which causes more current to
flow through the circuit, resulting in a detectable change in output
voltage.

In order to obtain the transfer function of the FSR402 sensor, we
performed an experiment (Fig. 6(b) and (c)), where the sensor was
placed on a mannequin leg along with a commercial pneumatic
pressure meter HPM-KH-01 for validation of pressure measure-
ments. The pressure bandage (Fig. 2(c)) was gradually wrapped
around the mannequin leg and pressure readings were taken from
the pneumatic meter, while at the same time the output voltage
was measured from the FSR402 sensor for pressure values ranging



Fig. 3. Graphical plot of moisture level measurements obtained experimentally and calculated using Eqs. (2) and (3) above.
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Fig. 4. (a) A snapshot of passive resistive moisture sensor HCZ-D5. (b) Interface circuit designed for the passive sensor using LM358 operational amplifier. (c) Characteristic
curves for sensor’s impedance vs. moisture and output voltage vs. moisture for the selected temperature range with RM = 56 k X.
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from 1 to 40 mmHg in 1 mmHg interval. The data acquired in this
experiment was plotted (Fig. 7) and the following empirical rela-
tion was obtained using the MATLAB curve-fitting tool.

PðmmHgÞ ¼ p2V2 þ p1V þ p0 ð6Þ

where, p2 = 6.814 � 10�6, p1 = 1.254 � 10�3 and p0 = 1.783 and the
voltage is expressed in mV.
3. Experiments using a compression bandage

For real-time validation of all the calibrated sensors working
together, we designed a prototype flexible wireless transmitter
(9.7 cm � 4.7 cm) and a receiver (4 cm � 4 cm), both operating at
the radio frequency (RF) of 2.4 GHz using the IEEE 802.15.4 ZigBee
protocol. The sensors were interfaced with the transmitter circuit
using additional interface circuits designed for impedance and
voltage conditioning. Both the transmitter and the receiver use
Atmel’s Atmega128RFA1 integrated circuit as transceiver, with all
other required components for their proper operation. The temper-
ature, moisture, and pressure sensors were mounted on the man-
nequin leg at proper positions, and then an elastic compression
bandage (Coban™ 2) was wrapped over them (Fig. 8(a) and (b)).
Distilled water was sprayed externally over the surface of the
bandage. The data acquired by the sensors in real-time was trans-
mitted to the nearby receiver at an interval of 5 s. The receiver was
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Fig. 5. (a) Experimental setup for characterization of the moisture sensor HCZ-D5 using the NI DAQ 6009 data acquisition card. (b) Graphical plot of the moisture level
measured by the HCZ-D5 sensor by taking samples with the data acquisition board and using Eq. (5) for calculations.

(c)(a) (b)

Fig. 6. (a) Interlink Electronics’ FSR402 force sensor with 13 mm diameter is used to
sense sub-bandage pressure. (b) Experimental setup used to find the empirical
relationship between the applied pressure and output voltage of FSR402 sensor. A
commercial pneumatic pressure meter HPM-KH-01 is used for validation. (c)
Pressure bandage in place over the FSR402 sensor and the pneumatic sensor.
Pressure is gradually increased by manually tightening the bandage, and monitored
using the pneumatic meter.

N. Mehmood et al. / Sensing and Bio-Sensing Research 2 (2014) 23–30 27
attached to the computer’s serial port. On reception of the full data
packet, the receiver first saved and then sent the captured data to
the PC serial port (Fig. 8(c)). A graphical user interface (GUI) was
designed in Visual Basic to display the real-time information on
temperature, moisture, and pressure, along with capture-time val-
ues (Fig. 9).

The GUI is split into five distinct regions of information i.e. con-
trol panel, file options, current values, graphical plots, and channel
information. The serial port can be controlled using ‘control panel’
by selecting the available serial port (COM port), and by selecting
the baud rate. Every time that the ‘Acquire’ button is pressed by
the user, an ASCII character ‘U’ (equivalent to 55 H) is transmitted
first as a synchronization protocol for a correct serial communica-
tion. After receiving the validated protocol character, the receiver
sends the received sensor data over the serial port to the PC. The
recent data is displayed in the ‘current values’ section as well as
displayed on the ‘data plots’ region with the capture time shown
along horizontal axis. All the captured values of temperature, mois-
ture, and pressure are displayed with colour coding to distinguish
them from each other. All the acquired data in a session is also
printed in a separate text file for off-line analysis. The GUI also dis-
plays the transmitting device identification, frequency channel,
and the received signal energy.

4. Analysis and discussion

The real-time performance of the selected sensors was tested
extensively and monitored with the designed prototype RF trans-
ceiver system. The transmitted and received data was validated
using commercial temperature, moisture, and pressure meters.
The average errors in temperature, moisture and pressure mea-
surements in the system were ±1.5 �C, ±3 %RH and ±2 mmHg,
respectively. The measurement resolutions obtained for tempera-
ture, moisture, and sub-bandage pressure were 0.15 �C, 0.85–5
%RH, and 0.05–0.56 mmHg respectively using a 10-bit analog to
digital converter (ADC) within the RF transceiver. The temperature
resolution is more than sufficient to detect temperature variations
in human skin, which range from 32 �C to 37 �C under normal con-
ditions [14]. The moisture and pressure measurement resolutions
are not uniform owing to nonlinear characteristics of respective
sensors. In actual scenario, the temperature sensor will be placed
on periwound skin and not directly on top of wound. The moisture
sensor could be placed inside a foam dressing (e.g. Mepilex�,
Allevyn™) over the wound, while the pressure sensor could be
placed near ankle to monitor sub-bandage pressure. The measure-
ments with the temperature and the moisture sensors were loca-
tion independent, while the sub-bandage pressure measurements
showed dependency on the sensor location on the mannequin
limb, possibly due to changes in applied pressure on to uneven
surface morphology around the limb. However, the optimum
position of the pressure sensor can arguably be determined during
clinical experiments.

Both the active and passive moisture sensors (HIH4031 and
HCZ-D5) showed reliable and repeatable performance during
experiments with and without the applied bandage. The active
sensor showed a faster response as compared to that of the passive
sensor. Moreover, it does not require any additional interface elec-
tronics for its operation except for an excitation voltage signal.
However, the thickness (3.5 mm) of this sensor may be of concern



Fig. 7. Transfer function of FSR402 sensor with RM = 1 k X used in the interface circuit. The graph shows a nonlinear relationship between the applied pressure and the output
voltage.
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Fig. 8. (a) The sensors attached to the flexible prototype wireless sensing system mounted on mannequin leg before the application of bandage. (b) The wireless sensing
system after the application of compression bandage (c) Photo of the matched RF receiver and serial interface control circuit.
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Fig. 9. A screen shot of the GUI developed to display the measured parameters acquired by the sensors. The GUI displays the current and previous values of temperature,
moisture and sub-bandage pressure in graphical, textual and file format.
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during its use in a compression bandage on a wound. Although this
problem can be mitigated by placing the sensor distal to the wound
site, it may still cause residual pain if not used with care.

The passive moisture sensor has the advantage of smaller size
(10 mm � 5 mm � 0.5 mm) and therefore can be placed anywhere
under the bandage. However, it gave a slower response to moisture
within the bandage. It also required an additional interface circuit
for its normal operation, which increased the size of the sensing
system, though with minimal effect on power consumption.

The prototype sensing system has also been studied for power
consumption and data transmission range. With one temperature
sensor, two active or passive moisture sensors, and one pressure
sensor interfaced, the average current consumption of the trans-
mitter was 20 mA (measured using the Digitech Q M1535 multim-
eter) at maximum transmitter output power (i.e. 3.5 dBm). The
current consumption rose to a maximum of 24 mA only when
the pressure sensor was pressed to its full range, while the other
sensors had a minimum effect on current consumption during
their normal and peak operation. The transmission range depended
on the effective transmitter power, antenna parameters, and RF
matching network. With the maximum transmitter power selected
and using the recommended matching RF network, a transmission
range of 4–5 m was achieved in an unobstructed environment.
With all other factors remaining constant, the transmission range
decreased when the transmitter and receiver were not facing each
other, or when there was an obstacle between them. However,
considering the clinical environment, the range of 4–5 m was
deemed reasonable for reliable observations.
5. Conclusions

Evidence-based monitoring of chronic wounds, such as venous
leg ulcers and diabetic foot ulcers, has drawn substantial attention
because of soaring costs of their treatment. In current clinical prac-
tice, clinicians and nurses rely on their subjective judgement when
applying or changing dressings on chronic wounds. Quite often,
these dressings are changed unnecessarily without any scientific
evidence about the state of wound. On the other hand, there is
no objective mechanism to apply correct sub-bandage pressure
on the wound site. These activities not only consume nursing time,
but also create an unnecessary burden on healthcare budget. There
is an opportunity to utilize modern sensors, biosensors, and wire-
less transmission technology to report to the patients and clini-
cians on the status of wound parameters from within bandages
or dressings. Sensors play a vital role in extracting accurate infor-
mation of wound parameters. In this paper, we have proposed
and implemented calibration and characterization methods for
carefully-selected temperature, moisture, and pressure sensors
for reliable and accurate information acquisition of wound param-
eters. The calibration curves and mathematical expressions were
obtained for each sensor using commercially-available software
and measurement instrumentation. The performance of the sen-
sors was validated by placing them on a mannequin limb with a
compression bandage wrapped around them. We also designed a
prototype wireless flexible sensing system, and a matched receiver
to demonstrate the real-time performance of the calibrated sen-
sors. The received data can be visualized on a computer screen.
The average current consumption of the sensing system was mea-
sured as 20 mA, with all the sensors interfaced simultaneously. The
system reliably works within a range of 4–5 m in an open
environment.

Future work will include the design of the entire wireless
wound sensing system (i.e. sensors, interface circuits and the RF
transmitter) on a more compact flexible printed circuit material
to be placed inside the dressing for a longer period of time.
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