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ABSTRACT
Diabetic foot complication is one of the leading cause of non-
traumatic lower extremity amputations. Due to diabetic complica-
tions such as neuropathy, diabetic patients do not feel any pain
in their feet. Due to this they are often unaware of any ulcer or
wound formed on their feet. This along with impaired healing of the
wounds often escalates into lower extremity amputation a�ecting
patient’s socio-economic well-being. By monitoring di�erent pa-
rameters of the foot and using it for predicting possible occurrence
of ulcer we aim to avoid occurrence of ulcers . We developed a new
hardware with accompanying software while evaluating the design
to ensure it helps in taking early preventive measures for the feet
and avoid the occurrence of ulcer and further complications.

CCS CONCEPTS
• Computer systems organization ! Embedded systems; •
Networks !Wireless sensors.
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1 INTRODUCTION
Diabetes is a commonly known disease with no permanent cure,
all around the world. An estimated 65 million people in Europeans
[17] and 300 million globally [31] will su�er from diabetes by 2025.
Diabetic foot condition is caused due to e�ects of diabetes and often
leads to amputations and in some cases to death. Diabetic foot is
an umbrella term used to describe medical condition such as ulcer,
ischemia, infection or other complications of the lower limb caused
due to diabetes and its e�ects. The most common problem found in
diabetic foot is advanced ulceration of the foot which often requires
surgical intervention and in many cases amputation. The cause of
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this problem can be narrowed down to three conditions: neuropa-
thy, impaired healing and peripheral vascular disease. Neuropathy
adversely a�ects the ability to sense pain, causing diabetic patients
to become completely unaware of the damage caused to the foot
and the wound heals slowly or even stall due to the e�ects of dia-
betes. In cases when patients also su�er from peripheral vascular
disease that a�ects blood supply available to the lower extremities
of the body lead to situations where patient might loose part of
their lower limb if not detected in time. Diabetic Foot Ulceration
(DFU) counts for 85% of amputations in diabetic conditions, while
in USA 46% of foot ulcer hospitalization cases are from diabetic
condition, comprising 4% of the overall population [25]. Moreover,
every 30 seconds someone looses their lower limb as an e�ect of
diabetic foot complication [4]. In [4], authors found that around
20% of all the expenditure on diabetes is spent on diabetic feet.
Survival rates after amputation do not paint an optimistic picture
either. Preoperative mortality rates after amputations are 9% in
Netherlands where as survival rate 3 years after amputation are
just 59% in Sweden and 50% in Italy [14].

This data points towards importance of detecting ulceration at
the early stages to prevented and eliminate in time the conditions
that follow it, preventing the accompanying social and �nancial
burden. Studies focus on calculating pressure and de�ning limits
for safe and unsafe pressure values, temperature and its relevance
to ulceration sites, resulting in applications that monitor these
parameters to determine ulceration prone areas. However, these
studies temporally monitor the parameters using pressure mats
or custom made footwear, limiting the amount of time the foot
parameters are observed. Also, patients have to wear speci�c set of
shoes or walk bare-feet on speci�c mat, become aware of the test
and try to compensate their gait to "improve" their results. Through
this work we address these issues through researching to what
extent, is it possible to continuously monitor foot ulcer indicators
in an e�cient, accurate, and user- friendly manner with embedding
sensing and communication technologies in daily worn socks. This
is achieved by researching the foot parameters used to predict
incidence of DFU, functional and non-functional requirements to
monitor these parameters within a smart sock, compiling a set
of software and hardware requirements and design decisions for
continuous monitoring and detection of foot ulcer using a smart
sock. We also evaluate the accuracy and e�ciency of the designed
smart sock to measure the foot ulcer indicators as well as evaluating
the user-friendliness and comfort of smart sock.

2 DIABETIC FOOT ULCER INDICATORS
An investigation into current literature points towards two main
parameters than can be used to ulcer prediction : temperature and
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pressure. These parameters are analysed and discussed on the basis
of evidence found in literature.

2.1 Temperature
For non-invasive remote monitoring of diabetic foot, temperature
measurements can be used as a base parameter. Temperature of hu-
man body is the result of thermal balance between thermal energy
supplied by core and energy lost to the environment [9]. Studies of
dermal thermometry have suggested that variations in temperature
> 40� (> 2.20⇠ ) could be helpful in skin surveillance [2]. This rise
in temperature can be detected up to one week before actual foot
ulceration occurs [19]. However there is no reference range avail-
able as body temperature can vary widely from person to person
and even within di�erent body parts of the same individual.

This di�culty can be overcome by comparing one part of the
body with it’s symmetrical counter part since under normal cir-
cumstances they are considered to be comparable [9, 15]. Clinical
studies on the home monitoring of plantar foot temperature have
shown that frequent temperature assessment, and, treatment in the
case of temperature di�erences greater than 2.20⇠ between same
regions of both foot, can prevent diabetic foot complications [20].

2.2 Pressure
There is signi�cant literature available that looks into the increased
foot pressure and its correlation with ulcer formation. In a paper
presented by [8], authors inspected the pressure measurements us-
ing static and dynamic measurement techniques. Static techniques
measure pressure when person is standing still where as dynamic
measurements are done when person is moving (e.g. walking). It is
well established that abnormally high pressure points are common
with severe neuropathic conditions or in patients with prior ulcer
history[8] and this is supported by numerous studies found in the
literature [3, 5, 7, 16].

Study by [16] showed that elevated pressure doubles risk of ul-
ceration. Generally pressure greater than 6:6/2<2 is considered as
high pressure site with risk of ulceration. However di�erent studies
use di�erent value as threshold. In addition to this di�erence of
measurement setups, methods and units makes choosing univer-
sal threshold di�cult. [5] overcome this issue by taking ratio of
forefoot to rear-foot pressure (F/R) of the same foot. This approach
o�ers some advantages: since it is a ratio, it is absolute value that
is independent of measurement unit. Also since both pressure mea-
surements are taken from the same foot, external factors involved
are common making it fairly independent of external factors. Their
study has shown that F/R value of 2 or more can predict ulceration
risk with the same speci�city as a peak pressure of 6 :6/2<2.

3 STATE OF THE ART
Although there are several parameters available for prediction of
diabetic ulcer, majority of commercial systems focuses on pressure
measurement. [24] present comparison and evaluation of three
commercial insole systems available in the market. These commer-
cial insole systems are expensive, with prices ranging from 10,000£
to 14,000£ , due to high sensor density, high sampling frequency
and comprehensive software provided for analysis. However such
systems are focused on research and lab use. Home monitoring has

less restrains in terms of all the features provided in the table such
as sensor density and sampling rate but the cost of the system must
be reasonable.

Similar to commercial systems, most of the literature is targeted
towards pressure measurement. These literature refer to platform
systems as standard measurement devices used in laboratories that
o�er simple measuring systems in which sensors are arranged in
matrix format on �at surface mostly focusing on pressure measure-
ments. Such set-ups are only suitable in research laboratories and
rigorous tests across di�erent surfaces re�ecting real life scenarios
are di�cult to conduct [29]. Since this is a special set up, patient
needs time to familiarize with the setup to reproduce the natural
gait. Also these systems are bulky and usage is restricted to non
continuous indoor measurements.

Due to limitations imposed by platform systems, researchers
are targeting in-shoe systems. Such insole system made up from
carbon embedded peizo-resistive material sandwiched between two
layers of conducting electrodes [29]. The horizontal electrode layer
consists of 15 elements whereas vertical electrode layer consists
5 elements resulting in total 75 sensing nodes. The data is sam-
pled at 13Hz sampling frequency and transmitted to PC wirelessly
via Arduino+Bluetooth setup. WalkinSense [11] consists of eight
pressure sensors and data acquisition system. Authors compared
this system with commercial F-Scan system by Tekscan®, study
has reported some inconsistencies in readings and advised further
investigation with large sample size. A fabric sensing array based
insole design by [28] is based on carbon black based silicon which
is developed by author’s research group. This sensor can be used to
measure pressures from 10 Pa upto 800 kPa. Insole design consists
six of such fabric sensing array sensors and wireless transmission
circuit, providing 100 Hz sampling frequency with 2kPa resoul-
tion and ±5% accuracy. A sock design [21] measures temperature,
pressure and toe angle for diabetic foot risk uses very thin (<0.3
mm) �ber optical sensors based on Fiber Bragg Gratings (FBGs)
at �ve locations for all the measurements, providing advantages
such as electrical insulation, chemical resistance, elimination of
frequent calibration and temperature independence. Smart socks
using piezo-resistive and conductive fabric [23] measures pressure
at eight di�erent locations to �nd patient speci�c information, be-
cause pressure measurements are dependent on the foot anatomy
and hence they can vary from person to person. RFID tag harvests
radio frequency energy and powers a sock consisting of four, fabric
made piezoelectric force sensor for plantar pressure measurements
[18]. However the response of the sensor is highly non-linear and
battery limitation allows only 40-80 readings. A wireless insole
monitoring system [12] of three pressure sensors, accelerometer
and gyroscope, Bluetooth module and battery introduces new ca-
pabilities for seamless wireless charging and over the air update.
A multi-modal skin sensing system for diabetic foot [6], use ac-
clerometer, humidity, force, temperature, galvanic skin response
and bio-impedance to de�ne skin condition built with Arduino and
Raspberry pi sampling at 20Hz.

The recent research trend is shifting from shoe based system to-
wards socks based systems. There are few sock designs targeted to-
wards diabetic foot monitoring parameters. Sock design is preferred
to shoe or insole design as it can cover more use-case scenarios
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Table 1: Available literature on foot parameter moitoring

Work Sensorsr Nr. Sensor Communication Noteworthy
P Acc T Gyr

[29] X 75 Bluetooth Custom peizo-resistive sensor grid
[11] X 8 - Comparison with commercially availble F-scan System
[28] X 6 Bluetooth Custom fabric sensor, weight calculation
[21] X X 5 Wired Fiber Bragg Gratings (FBG) based optical sensors, toe angle
[23] X 8 Bluetooth Custom Piezo-resistive fabric sensor, internal strain-stress calculation
[12] X X X 4 Bluetooth Wireless charging, Over the air update focused design
[27] X 6 - Custom Pressure sensitive conductive rubber (PSCR) sensors
[26] X 6 Bluetooth Washable sock design using neurofabric sensors
P=pressure, Acc=Accelerometer, Gyr=Gyroscope, T=temperature

both indoor and outdoors. [30] demonstrated the use of tempera-
ture for ulcer prediction. [21] designed a sock that monitors foot
pressure and temperature using Fiber Bragg Grating but the de-
sign is not comfortable and continuous monitoring is not possible.
Although there are few examples of commercial socks, only Siren
and Alpha-�t socks are capable of detecting abnormal changes in
temperature or pressure respectively. These socks just target one
parameter each. Moreover, none of these products give any infor-
mation about number of sensors, spatial resolution, measurement
range and accuracy of the system. Furthermore, out of these socks
only Siren Socks are available in the US on doctor’s prescription.

4 TECHNOLOGY INVESTIGATION &
SELECTION

Our methodology and rationale behind designing the functional
requirements for smart sock takes into the consideration the follow-
ing factors: Able to continuously monitor the required parameters,
functional and ergonomic for daily usage, ensuring a constant read-
ings not a�ected by the normal bio-mechanics of the foot. The
sensors must be calibrated with errors within a speci�c range and
low energy consumption to allow long term monitoring and data
logging. Non-functional requirements regards the safety, consider-
ing the sock targets neuropathy patients, with little or no sensation
of pain, the sock must not cause any damage to the foot. Also must
be lightweight, �t di�erent sizes and be washable and reusable.

The following sensor technologies are considered and their ca-
pabilities are assessed: pressure sensors, temperature sensors, ac-
celerometer sensors, heart-rate sensors.

4.1 Pressure sensors
Pressure sensors come in di�erent forms: Capacitive force sensors,
when force is applied distance between two conductive plates, sep-
arated by dielectric, is reduced thereby increasing capacitance, that
is translated to applied force using conditioning circuits [10]. Opti-
cal sensor consists of LED light transmitted through the thin �ber
and detected by a photo-diode on the other end, measuresing the
light intensity as result of the exerted force [10]. Force Sensitive
Resisters ( FSR ) are piezo-resistive devices linearly decreasing the
resistance as the force applied on them increases.

Considering the above pressure sensing technologies and the
commercially available sensors. FSRs are selected for further process
as they o�er :

• Thin and �exible design (0.2mm thickness).
• shouldmeasure required range of pressure/Force (upto 4448N).
• Easy to integrate.
• Linear output with simple conditioning circuit.
• Suitable for low power design.
• Such sensors are widely used and characterised in di�er-
ent studies in literature marking their suitability for foot
pressure measurement.

4.1.1 Sensor Readings With Conditioning Circuit. Simple voltage
divider network used for previous testing does not provide linear
output. A signal conditioning circuit as shown in Figure 2 is also
designed to drive FSR. The op-amp circuit shown is a simple in-
verting op-amp con�guration with reference voltage provided at
non-inverting terminal. Due to virtual ground, both terminals of
the op amp will try to be at the same voltage. This means op-amp
will try to make voltage at inverting terminal equal to Vref. Since
op-amp does not draw any input current, the voltage at invert-
ing terminal is essentially voltage across FSR. This allows to see
feedback circuit as voltage divider network.

4.2 Temperature sensors
We identi�ed the following temperature sensors technologies: Ther-
mocouples, Resistor Temperature Detector (RTDs),Semiconductor
temperature sensor ICs (ST-ICs), Thermistors.Thermocoupleworks
on the Seebeck e�ect principle where two dissimilar conducting
metals connected together forming an electrical junction allowing
the Seebeck e�ect to be observed where a small voltage is generated
across this electrical junction being a function of the temperature.
RTDs utilize the change of material resistance when their temper-
ature changes, exhibiting high degree of linearity ie. resistance is
directly proportional to temperature. RTDs are highly precise and
repeatable, but react slowly to temperature changes. Thermistors
work on same principle as RTDs but with a di�erent construction.
Each thermistor has temperature co-e�cient indicating the degree
of change in resistance for change of temperature. ST-ICs exist in
two �avors (local and remote digital temperature sensor) di�ering
in the sensor position inside or outside the chip: Local temperature
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Figure 1: Sensor con-
ditioning circuit.

Figure 2: Data log-
ging and visualiza-
tion.
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Figure 3: FSR ADC Rfeedback= 50k�/100k� and Tempera-
ture calibration with Condition circuit

sensors measure their own die temperature or the ambient temper-
ature around it [13]. Remote digital temperature sensors measure
the temperature of an external transistor.

Table 2: Requirements for sensors to be used

Sensors

Pressure Acceleromet Thermometer Heart-rate
1 Range 0-1000 kPa 14 bit resolution Accuracy: ±0.5°C SpO2 cappable

2 Linear response Output data rates
1.56 to 800 Hz Range: 25 to 45°C

3 Flexibile woven Flexible woven Flexible woven Flexible woven
4 Low Power Low power Low power Low power
5 Min 5*5mm �2C digital interface

6 dynamic range
±2 to ±8 g

4.3 Accelerometer sensor
Pressure information alone can be insu�cient to detect abnormal
foot condition, because the pressure happens for a multitude of
certain posture or physical activity. Enhancing that information
with gait and stride information acquired by the accelerometer
sensors is favorable. Nowadays cheap MEMS accelerometer provide
enough information to calculate gait patterns.

Keeping this in mind a short survey of accelerometers is con-
ducted, chosing the MMA8451 with following characteristics:

• 14 bit resolution.
• Output data rates (ODR) from 1.56 Hz to 800 Hz.
• ±26 / ±46/±86 selectable dynamic range.
• Low power operation (1.95-3.6 V supply voltage)
• I2C digital output interface.

4.4 Heart-rate monitoring
Heart rate monitors can provide information about pulse and oxy-
gen saturation (SpO2) of the blood that are used to extract foot
perfusion information and evaluate the e�ective blood �ow of the
foot. They work by shining light to the skin and measuring the
light scattered due to the blood �ow changes, such as pulse rate

or change in blood volume. The intensity of the re�ected light will
change accordingly, allowing to estimate the pulse rate or oxygen
saturation. The pulse can be detected in two speci�c areas of the
foot and we tested those sites with a MAX30102 low power heart-
rate and SpO2 monitor. We found that sensor provided inconsistent
results, because of the following causes and decided not to use for
integration in the sock design:

• Heart-Rate sensor is very sensitive to any movement of the
sensor from the skin surface, resulting in erroneous readings.

• Di�cult to point the sensor to the arteries within the sock.
• The use of accerlrometer to compensate for the movement
of the sensor is a tedious task.

4.5 Communication Protocol Selection
Transferring the data to the back-end should be performed wire-
lessly. Wired protocols such as UART provide simple and reliable
data transfer but require a physical connection between two ends
limiting the range of motion and a�ecting the safe movemenet of
the subject. Wireless protocols provide better way to connect to
di�erent type of end devices as Bluetooth and WiFi capabilities
become more commonplace. We explored �ve di�erent wireless
technologies suitable for data transfer. Zigbee is a wireless technol-
ogy for integrating sensor network applications into the IOT, built
on the universal IEEE 802.15.4 standard and addresses the require-
ment for low power consumption, low data-rates, and is highly
secure and reliable. ANT stands for "Advanced and Adaptive Net-
work Technology" targeting collection and transfer of sensor data
with high degree of inter-operability. Nodes in the ANT network
can act as transmitters, receivers, or transceivers to route tra�c to
other nodes. Bluetooth Low Energy (BLE) caters to the needs of
a wide range of applications aiming to provide an extended com-
munication range at reduced cost and power consumption based
on 2.4 GHz radios. Software Development Kits (SDKs) and refer-
ence designs are available which makes easier to work with BLE
enabled SoCs.WiFi is designed for large data transfer using high
speed throughput, based on IEEE 802.11,but not suitable for low
power operation. Near Field Communication (NFC) is the wire-
less sensor technology designed for short range communication. It
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operates in the 13.56 MHz ISM band providing data-rates upto 424
Kbits/sec with a maximum range of 10 cm.

Table 3: Comparison of di�erent wireless technologies.
(Adopted from [1, 22])

Parameter Bluetooth WiFi Zigbee ANT NFC

Range 100 150 100 30 10 cm
Throughput 1 Mb/sec 11 Mb/sec 250 kb/sec 20 kb/s 424kb/sec
Latency 2.5ms 1.5 ms 20ms Nil* NA
Power 30mA - 30mA - 50mA
Security AES-128 AES AES-128 AES none

4.6 Sensor Conditioning and Calibration
Once sensor technology is selected and sensors are �nalized it is
important to characterize these sensors before integrating into the
system. This is done by using calibration setups for both tempera-
ture and pressure shown in Figure 4.
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Figure 4: Diagram of calibration setup

Depending on the type of sensor and range of changes in sen-
sor values, conditioning circuit is designed. Use of conditioning
circuit helps to linearize the sensor output and allows to take full
advantage of available voltage range to provide better resolution.
Figure 2 shows an example of conditioning circuit used for pres-
sure sensor. It is found that Rfeedback resistor of 100:⌦ provides
better sensitivity within range of interest and shown in the Figure
3 Pressure Temperature verses voltage readings plot is shown in
Figure 3 Temperature.

4.7 Gateway
A smart-mobile device like the smartphone is the most optimal
choice given the capabilities and range of Bluetooth availability.
Android smartphone is chosen as end-device application platform
given its portability, ease of connection and operation. An android
application ,called ’smart-socks’, is developed with two goals in
mind: data logging and data visualization. The app is used for
temperature, pressure, accelerometer data acquisition. The app is
capable to registers itself for automatic parameter updates from the
sock, on connection. Log the acquired data with respective times-
tamp to a csv �le for further investigation. Visualize the parameters
for di�erent regions of the foot.

5 TEST AND EVALUATION
For evaluation of socks and its suitability of desired application,
following tests are performed:

• Pressure and Accelerometer Test
• Temperature Test

5.1 Pressure Test and Accelerometer Test
For this test, leg was kept in di�erent positions for around 20 sec-
onds each. These postures are:

(1) Standing still
(2) Pressure on Heel

(3) Pressure on Toe
(4) Foot in the air
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Figure 5: Di�erent postures Pressure (toe, MTH1, heel) and
acceleration readings.

The obtained test results are shown in Figure 5. It can be ob-
served that for standing still, almost all of the sensors show similar
pressure indicating similar pressure distribution. When all of the
pressure is put on heel by lifting toe up, FSR at heel position (green
line in Figure 5 pressure graph) shows high pressure readings where
as toe sensors show no load reading. Opposite behaviour is observed
when heel is lifted high instead of toe. Finally when foot is lifted
completely and kept in the air, all the sensors give no-load reading
con�rming proper functioning of sensors.
Accelerometer readings are also analysed and result for x-axis
change, accelerometer is positioned at the back of the foot above
the heel, with X-axis aligned with vertical movement of the foot.
So its movement should correlate with heel movement. This be-
haviour can be con�rmed from the plot in Fig. 5 demonstrating
proper functioning of sensor.

5.2 Measuring foot temperature variations
Accuracy of temperature sensor is already established in sensor
characterization with just 1% error. This test is performed to test
howwell the sock can responds to changes in temperature. To check
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this, foot is exposed to a heat source for few minutes and then taken
away and placed in open air. To re�ect such behaviour temperature
readings should show increment for sometime and then shows
decrement afterwards corresponding to the processes of exposing
to and getting away from heat source. Plot of the temperature
readings of this test are shown in Figure 6. Similar to earlier test
this test also conforms to the expected behaviour.
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Figure 6: Temperature readings for di�erent areas of the
foot when foot is subjected to varying temperature using
heat source.

Since maximum error in temperature readings is 0.20 C, maxi-
mum error in di�erence of temperature between left and right leg
would be 0.40 C. This is within acceptable limit as we are interested
in �nding out di�erence of more than 2.20⇠ between same region
of right and left foot.

6 SHOE EVALUATION
Diabetic patients with high ulceration risk are advised to use custom
footwear, produced similar to foot casting, to o�oad the pressure
from sensitive areas. There is no de�nitive way to quantify the
e�ectiveness of footwear, however, the sock designed for ulcer
prediction can be used for footwear characterisation. A test is con-
ducted to evaluate the use of sock for footwear performance, for
two shoes(one sport shoe and one high-heel shoe) worn by a fe-
male participant, by putting both shoes sequentially and recording
pressure readings for normal standing position. Because high-heel
shoe is considered unhealthy for back as well as foot since it creates
uneven pressure distribution on the foot, the Figure 7 illustrates
this increase in pressure. Also,with high-heels, the toe and mid-foot
area experience increased pressure, while pressure is reduced for
Meta-tarsal (MTH) I,II,III. This indicates that this particular high-
heel shoe forces foot to become arched between toe to mid-foot
area causing unnatural distribution of pressure, a�ecting natural
functioning of foot and back.

6.1 Usability test
Washability and usability are the practical parameters outlined in
the non-functional requirements section. Since sock is developed
to measure foot parameters of diabetic patients, it should be com-
fortable to wear and walk. To assess this, sock was provided to
seven participants (three female, four male) and questioned about
the usability for: .

The feedback, Figure 8 form provided following questions scored
1 to 5: (1) Easy of wearing, (2) Comfort while sitting, (3) Comfort
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Figure 8: Comfortability test
di�erent users.

to walk with sock & shoes, (4) Comfort to walk w/o shoes, (5) Use-
fulness (Y/N). The overall experience results are positive. Apart
from this, users were asked to provide suggestions regarding im-
provement in the sock design, three suggestions were provided :
padding near sensor connection area of the sock, reduction in PCB
size, change in sensor connectors on the PCB.

7 OPEN DISCUSSION
In order to continuously monitor the right foot parameters to pre-
dict incidence of diabetic foot ulcer, a smart sock woven with dif-
ferent sensors can be an optimal solution. During the conducted
research we identi�ed which foot parameters can be monitored
to predict ulceration of diabetic foot. Concluding that: Static and
dynamic pressure can be used to measure pressure distribution of
the foot under di�erent conditions. Persistent temperature di�er-
ence of 2.2�⇠ or more between one region of the foot and same
region on the contralateral foot is an strong indicator for ulceration.
In addition to this, Heart-rate can be used to check foot perfusion
indicating state of blood supply of the foot is also an important and
neglected parameter, mostly due to sensor placement. Based on
compiled functional requirements we built a smart sock that mon-
itor required foot parameters continuously, designed to be worn
in day to day life and not a�ecting the normal bio-mechanics of
the foot causing errors in the readings. Sensors data is reproducible
and repeatable and continuous readings for long duration. Errors
in sensor readings are cept to speci�ed limits. Pressure and tem-
perature sensors were calibrated to meet accuracy requirement.
For example, sock targets to measure temperature di�erence of
2�⇠ or more, whereas designed sock provides accuracy of 0.15�⇠
thereby meeting design requirement. An Accelerometer is added to
aid the correct interpretation of acquired pressure sensor readings.
Feedback from users provided overall positive experience such as
intuitive app design among others mentioned previously. Because
this sock design is still in preliminary stage and many avenues are
available for improvement in both design and functionality of the
sock. Energy harvesting can be integrated with the current sock
design to completely eliminate or reduce the the battery usage.
Special materials which are capable of determining pressure and
temperature values can be used, �exible PCBs or fabric printed
PCBs can be used. A model can be trained to analyse the received
sensor data on the end-point device to provide real time evaluation
of the foot.

350



An embedded wearable device for monitoring diabetic foot ulcer parameters PETRA ’20, June 30-July 3, 2020, Corfu, Greece

REFERENCES
[1] Shadi Al-Sarawi, Mohammed Anbar, Kamal Alieyan, and Mahmood Alzubaidi.

2017. Internet of Things (IoT) communication protocols. In 2017 8th International
conference on information technology (ICIT). IEEE, 685–690.

[2] David G Armstrong, Katherine Holtz-Neiderer, Christopher Wendel, M Jane
Mohler, Heather R Kimbriel, and Lawrence A Lavery. 2007. Skin temperature
monitoring reduces the risk for diabetic foot ulceration in high-risk patients. The
American journal of medicine 120, 12 (2007), 1042–1046.

[3] T Bernard, C D’Elia, R Kabadi, and N Wong. 2009. An early detection system for
foot ulceration in diabetic patients. In 2009 IEEE 35th Annual Northeast Bioengi-
neering Conference. IEEE, 1–2.

[4] A. J.M. Boulton, A. I. Vinik, J. C. Arezzo, V. Bril, E. L. Feldman, R. Freeman, R. A.
Malik, R. E. Maser, J. M. Sosenko, and D. Ziegler. 2005. Diabetic Neuropathies:
A statement by the American Diabetes Association. Diabetes Care 28, 4 (April
2005), 956–962. https://doi.org/10.2337/diacare.28.4.956

[5] Antonella Caselli, Hau Pham, John M Giurini, David G Armstrong, and Aristidis
Veves. 2002. The forefoot-to-rearfoot plantar pressure ratio is increased in severe
diabetic neuropathy and can predict foot ulceration. Diabetes care 25, 6 (2002),
1066–1071.

[6] James Coates, Andrew Chipper�eld, and Geraldine Clough. 2016. Wearable
multimodal skin sensing for the diabetic foot. Electronics 5, 3 (2016), 45.

[7] Maria do Carmo dos Reis, Fabiano A Soares, Adson F da Rocha, João LA Car-
valho, and Suélia SFR Rodrigues. 2010. Insole with pressure control and tissue
neoformation induction systems for diabetic foot. In 2010 Annual International
Conference of the IEEE Engineering in Medicine and Biology. IEEE, 5748–5751.

[8] T Duckworth, AJ Boulton, RP Betts, CI Franks, and JD Ward. 1985. Plantar
pressure measurements and the prevention of ulceration in the diabetic foot. The
Journal of bone and joint surgery. British volume 67, 1 (1985), 79–85.

[9] Marjorie Fierheller and R Gary Sibbald. 2010. A clinical investigation into the
relationship between increased periwound skin temperature and local wound
infection in patients with chronic leg ulcers. Advances in skin & wound care 23, 8
(2010), 369–379.

[10] Carlos Gonçalves, Alexandre Ferreira da Silva, João Gomes, and Ricardo Simoes.
2018. Wearable e-textile technologies: A review on sensors, actuators and control
elements. Inventions 3, 1 (2018), 14.

[11] Aoife Healy, Philip Burgess-Walker, Roozbeh Naemi, and Nachiappan Chock-
alingam. 2012. Repeatability of WalkinSense® in shoe pressure measurement
system: A preliminary study. The Foot 22, 1 (2012), 35–39.

[12] Nagaraj Hegde and Edward S. Sazonov. 2015. SmartStep 2.0 - A completely
wireless, versatile insole monitoring system. In 2015 IEEE International Conference
on Bioinformatics and Biomedicine (BIBM). IEEE, Washington, DC, USA, 746–749.
https://doi.org/10.1109/BIBM.2015.7359779

[13] Jason Gums. 2018. Types of Temperature Sensors. https://www.digikey.com/en/
blog/types-of-temperature-sensors

[14] William J. Je�coate and Keith G. Harding. 2003. Diabetic foot ulcers. The Lancet
361, 9368 (2003), 1545 – 1551. https://doi.org/10.1016/S0140-6736(03)13169-8

[15] B. F. Jones. 1998. A reappraisal of the use of infrared thermal image analysis
in medicine. IEEE Transactions on Medical Imaging 17, 6 (Dec 1998), 1019–1027.
https://doi.org/10.1109/42.746635

[16] Lawrence A Lavery, David G Armstrong, Robert P Wunderlich, Je�rey Tredwell,
and Andrew JM Boulton. 2003. Predictive value of foot pressure assessment as
part of a population-based diabetes disease management program. Diabetes care
26, 4 (2003), 1069–1073.

[17] M. Lepäntalo, J. Apelqvist, C. Setacci, J.-B. Ricco, G. de Donato, F. Becker, H.
Robert-Ebadi, P. Cao, H.H. Eckstein, P. De Rango, N. Diehm, J. Schmidli, M. Teraa,
F.L. Moll, F. Dick, and A.H. Davies. 2011. Chapter V: Diabetic Foot. European
Journal of Vascular and Endovascular Surgery 42 (2011), S60 – S74. https://doi.
org/10.1016/S1078-5884(11)60012-9 Management of Critical Limb Ischaemia and
Diabetic Foot. Clinical Practice Guidelines of the European Society for Vascular
Surgery.

[18] Xiaoyou Lin and Boon-Chong Seet. 2016. Battery-free smart sock for abnormal
relative plantar pressure monitoring. IEEE transactions on biomedical circuits and
systems 11, 2 (2016), 464–473.

[19] Chanjuan Liu, Ferdi van der Heijden, Marvin E. Klein, Je� G. van Baal, Sicco A.
Bus, and Jaap J. van Netten. 2013. Infrared dermal thermography on diabetic feet
soles to predict ulcerations: a case study. In Advanced Biomedical and Clinical
Diagnostic Systems XI (Proceedings of SPIE), Anita Mahadevan-Jansen, Tuan Vo-
Dinh, and Warren S. Grundfest (Eds.). SPIE. https://doi.org/10.1117/12.2001807

[20] Chanjuan Liu, Jaap J van Netten, Je� G Van Baal, Sicco A Bus, and Ferdi van
Der Heijden. 2015. Automatic detection of diabetic foot complications with
infrared thermography by asymmetric analysis. Journal of biomedical optics 20,
2 (2015), 026003.

[21] Bijan Naja�, Hooman Mohseni, Gurtej S Grewal, Talal K Talal, Robert A Menzies,
and David G Armstrong. 2017. An optical-�ber-based smart textile (smart socks)
to manage biomechanical risk factors associated with diabetic foot amputation.
Journal of diabetes science and technology 11, 4 (2017), 668–677.

[22] Patrick Mannion. 2017. Comparing Low Power Wireless Technolo-
gies. https://www.digikey.com/en/articles/techzone/2017/oct/comparing-low-
power-wireless-technologies

[23] A. Perrier, N. Vuillerme, V. Luboz, M. Bucki, F. Cannard, B. Diot, D. Colin, D.
Rin, J.-P. Bourg, and Y. Payan. 2014. Smart Diabetic Socks: Embedded device for
diabetic foot prevention. IRBM 35, 2 (2014), 72 – 76. https://doi.org/10.1016/j.
irbm.2014.02.004

[24] Carina Price, Daniel Parker, and Christopher Nester. 2016. Validity and repeata-
bility of three in-shoe pressure measurement systems. Gait & posture 46 (2016),
69–74.

[25] GayleE Reiber, BenjaminA Lipsky, and GaryW Gibbons. 1998. The burden of
diabetic foot ulcers. The American Journal of Surgery 176, 2 (Aug. 1998), 5S–10S.
https://doi.org/10.1016/S0002-9610(98)00181-0

[26] Alexander M Reyzelman, Kristopher Koelewyn, Maryam Murphy, Xuening Shen,
E Yu, Raji Pillai, Jie Fu, Henk Jan Scholten, and Ran Ma. 2018. Continuous
Temperature-Monitoring Socks for Home Use in Patients With Diabetes: Obser-
vational Study. Journal of medical Internet research 20, 12 (2018), e12460.

[27] M Saito, K Nakajima, C Takano, Y Ohta, C Sugimoto, R Ezoe, K Sasaki, H Hosaka,
T Ifukube, S Ino, et al. 2011. An in-shoe device to measure plantar pressure
during daily human activity. Medical engineering & physics 33, 5 (2011), 638–645.

[28] L. Shu, T. Hua, Y. Wang, Q. Li, D. D. Feng, and X. Tao. 2010. In-Shoe Plantar
Pressure Measurement and Analysis System Based on Fabric Pressure Sensing
Array. IEEE Transactions on Information Technology in Biomedicine 14, 3 (May
2010), 767–775. https://doi.org/10.1109/TITB.2009.2038904

[29] Adin Ming Tan, Franz Konstantin Fuss, Yehuda Weizman, Ydwer Woudstra,
and Olga Troynikov. 2015. Design of Low Cost Smart Insole for Real Time
Measurement of Plantar Pressure. Procedia Technology 20 (2015), 117 – 122.
https://doi.org/10.1016/j.protcy.2015.07.020 Proceedings of The 1st International
Design Technology Conference, DESTECH2015, Geelong.

[30] Roelof Waaijman, Mirjam de Haart, Mark LJ Arts, Daniel Wever, Anke JWE
Verlouw, Frans Nollet, and Sicco A Bus. 2014. Risk factors for plantar foot ulcer
recurrence in neuropathic diabetic patients. Diabetes care 37, 6 (2014), 1697–1705.

[31] Paul Zimmet, K. G. M. M. Alberti, and Jonathan Shaw. 2001. Global and societal
implications of the diabetes epidemic. Nature 414, 6865 (Dec. 2001), 782–787.
https://doi.org/10.1038/414782a

351




