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Abstract

Objectives. — Most foot ulcers are the consequence of a trauma (repetitive high stress, ill-fitting footwear, or an object inside the shoe) associated
to diabetes. They are often followed by amputation and shorten life expectancy. This paper describes the prototype of the Smart Diabetic Socks
that has been developed in the context of the French ANR TecSan project. The objective is to prevent pressure foot ulcers for diabetic persons.
Material and methods. — A fully wireless, customizable and washable “smart sock™ has been designed. It is made of a textile which fibers are
knitted in a way they provide measurements of the pressure exerted under and all around the foot in real-life conditions. This device is coupled
with a subject-specific Finite Element foot model that simulates the internal strains within the soft tissues of the foot.

Results. — A number of derived stress indicators can be computed based on that analysis, such as the accumulated stress dose, high internal strains
or peak pressures near bony prominences during gait. In case of risks for pressure ulcer, an alert is sent to the person and/or to the clinician. A
watch, a smart-phone or a distant laptop can be used for providing such alert.

© 2014 Published by Elsevier Masson SAS.

1. Introduction

Diabetic foot is the consequence of the long-term
chronic complications of diabetes affecting the lower limbs,
namely peripheral neuropathy and angiopathy. When both
complications are associated to an external trivial trauma, they
determine the progression of the pathology from a non-ulcerated
condition of a foot at risk, to an acute syndrome characterized
by the classic diabetic foot ulcer, followed by a chronic condi-
tion in the post-ulcerative phase, which can lead to amputation
[1]. If the same external trauma occurred in a person with intact
somatosensory function, the person would experience pain and

* Corresponding author.
E-mail addresses: antoine.perrier @imag.fr (A. Perrier),
Nicolas. Vuillerme @agim.eu (N. Vuillerme), vincent.luboz @imag.fr
(V. Luboz), marek.bucki @texisense.com (M. Bucki),
francis.cannard @texisense.com (F. Cannard), b.diot@ids-assistance.com
(B. Diot), dcolin@ch-arche.fr (D. Colin), drin@ifth.org (D. Rin),
jpbourg @ifth.org (J.-P. Bourg), yohan.payan @imag.fr (Y. Payan).

1959-0318/$ — see front matter © 2014 Published by Elsevier Masson SAS.
http://dx.doi.org/10.1016/j.irbm.2014.02.004

avoid the offending pressures. However, in a person with loss of
protective somato-sensation (diabetic neuropathy), there is no
warning of excessive pressures or tissue damage and persistent
localized pressures could lead to skin breakdown or ulceration.

It has been estimated that a limb is lost every 30 seconds
in the world because of diabetes. In addition to causing pain
and morbidity, foot lesions in diabetic patients have substan-
tial economic consequences, with huge direct and indirect costs
[2,3].

As concerns prevention, previous studies have suggested that
an efficient care could reduce foot ulcer and amputation [4]. This
monitoring strategy is largely based on renewed vigilance of the
diabetic patient which mainly consists in making a daily inspec-
tion of his feet. Unfortunately, studies have shown that patient
vigilance decreases over time. Complications which appear after
some time are directly correlated with the increasing lack of
vigilance. Unfortunately in the case of diabetic patients, it is pre-
cisely when the first foot ulcers appear that serious complications
begin. This is mainly due to recurrent disease in the diabetic
angiopathy, which severely limits the powers of healing.
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It becomes therefore essential to propose new technologies
and services dedicated to the monitoring and assistance of the
diabetic patient to help maintain alertness and by extension its
autonomy in society. The external trauma that causes tissue
breakdown could be intrinsic, such as repetitive stresses from
high pressure and/or callus, or extrinsic such as from ill-fitting
footwear rubbing on the skin or an object inside the shoe. It
hence appears very suitable to be able (1) to monitor the exter-
nal pressure applied all around the foot and (2) if possible, to
estimate the corresponding internal stresses and strains.

Dr Paul Brand (1914-2003) was the pioneer advising the
measurement of the pressures between foot and shoe, trying
to observe the causes and not the consequences of foot high
pressures [5]. It took scientists and engineers more than 40 years
to propose embedded orthotics devices able to measure pressures
at the plantar foot/insole interface. Most of them are prototypes
from research laboratories [6—9] while three companies propose
assessment tools for balance and gait aiming at restoring pos-
tural capacities (Novel, Tekscan and Vista Medical companies).
In addition to being quite expensive, such devices need a wire
connection between the insole and an electronic acquisition card
which makes them incompatible with a daily use. Moreover, they
are unable to detect overpressures in the dorsal surfaces of the

Bluetooth

Central Unit

toes and the feet whereas such anatomical regions suffer from
pressure ulcers (about 25% of the ulcers occur in the toes and
foot dorsal regions [10]).

The “Smart Diabetic Socks” project aims at developing the
first smart wearable device that provides real-time biofeedback
information concerning external pressures recorded all around
the feet. From these foot pressures, the device is able to send
alerts to the user or to the clinicians in case of risks for foot ulcer.
The project has been co-funded by the ANR TecSan, includ-
ing two research laboratories (TIMC-IMAG and AGIM), three
industrial partners (TexiSense, IDS and IFTH) and a clinical
center (Centre de I’ Arche) in France.

2. Material and methods

The Smart Diabetic Sock (Fig. 1) is made of three main
components:

e a 100% textile sock that collects the foot external pressures;

e a central unit, connected to the upper part of the sock;

e an external device that receives the wireless information sent
by the central unit and estimates the risks for pressure ulcer.

Bluetooth

The Smart
Diabetic Socks

Finite Element
Model

Fig. 1. Framework for the Smart Diabetic Socks device.
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2.1. Smart sock

The smart sock (Fig. 2) is a pressure sensing fabric made
of three types of fibers. Of course, most of the sock is made
of classical fibers such as the ones used for commercial socks
(e.g. cotton, polyamide or elastane). These fibers are then knit-
ted with two original fibers. The first types of fibers are coated
with silver; they can therefore conduct current. The other fibers
have a piezo-resistive effect: any normal forces exerted onto
these fibers change the electrical resistance of the material. Two
silver-coated fibers connected to a piezo-resistive fiber can thus
transmit and collect a signal which intensity is a function of the
pressure.

2.2. Central unit

In the upper part of the sock, a Central Unit, made of an elec-
tronic circuit and a soft battery, is connected to the silver-coated
fibers (Fig. 2, left). A change in pressure resulting in a change
in resistance values of the piezo-resistive fibers is converted into
a voltage that is transmitted by the silver-coated fibers and col-
lected by the central unit. Data can be stored on the Central Unit
serial flash memory or sent on-line to a distant acquisition device
such as a watch, a smart-phone or a laptop.

2.3. Estimation of the risk for foot pressure ulcer

Itis now well established that measuring pressures at the skin
surface is not sufficient to prevent the most dangerous foot ulcers
that start in deep tissues and progress outward rapidly, causing
substantial subcutaneous damage underneath intact skin [11,12].
Indeed, such surface measurements are not sufficient to predict
ulcer formation caused by internal tissue loading [13,14]. For
example, a very similar pressure distribution could be observed
under the heel of a thin person with blunt calcaneus bone and of
a heavy diabetic person with sharp calcaneus bone, whereas in

Central unit
and battery

that case, the diabetic person has obviously much higher risks
for foot pressure ulcers. The likelihood of a pressure ulcer form-
ing is therefore highly “patient-specific” since it depends on the
anatomical properties of the patient foot such as the bones curva-
tures (calcaneus, metatarsal heads, toes) as well as the thickness
of the soft tissues (skin, fat and muscles). Since measuring in vivo
the internal strains of the foot tissues is not possible, we have pro-
posed to quantitatively estimate the internal stresses and strains
from the measured external pressures. To achieve this goal, a
patient-specific Finite Element biomechanical model of the foot
including soft tissues and bony prominences is specifically built
and used to compute the internal strains and stresses (Fig. 3). If
this computation is sufficiently fast (and many techniques have
been proposed to optimize such Finite Element computations),
we can then have an on-line estimator of the strains inside the
tissues and thus launch an alert when a region with high strains
[14] is computed from the pressure measured with the Smart
Diabetic Sock.

3. Results and discussion

A first prototype of the Smart Diabetic Socks has been
recently built and evaluated on a single subject. The sock is
knitted with eight pressure sensors as illustrated on Fig. 2. The
measured pressures are collected during gait and transmitted to
a distant smart-phone through a Bluetooth connection. Fig. 4
provides screenshots of the smart-phone with the corresponding
dynamic values of the pressure sensors.

The current version of the patient-specific biomechanical foot
model is computationally demanding despite the use of the opti-
mized Artisynth numerical platform (www.artisynth.org). The
strains simulations plotted on Fig. 3 are thus provided by a distant
laptop and are not computed in real-time [15]. This point will
have to be addressed in the future with the objective to provide
real-time strains computation embedded in the microcontroller
of the central unit.

Fibers with a
piezzo-resistive
effect

Conductive
fibers knitted
with silver

Fig. 2. The sock knitted with fibers coated with silver (current conduction) and with fibers having a piezo-resistive effect. The central unit (left) is connected to the

silver-coated fibers and to a soft battery.
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Fig. 3. Finite Element model of the foot: a 3D mesh (top) is used to compute internal strains (bottom). If strains values become too high (as it is illustrated in the
lower right panel), an alert is launched.
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Fig. 4. Screen shots of the smart-phone application. The pressure values collected for the eight sock sensors are displayed during gait.



76 A. Perrier et al. / IRBM 35 (2014) 72-76

Acknowledgments

This work was funded by the French national project ANR,
under reference ANR-TecSan 2010-013 IDS, by French state
funds managed by the ANR within the Investissements d’ Avenir
program (Labex CAMI), under reference ANR-11-LABX-0004,
and by the Institut Universitaire de France.

References

[1] Shaw JE, Boulton AJM. The pathogenesis of diabetic foot problems. An
overview. Diabetes 1997;46(Suppl. 2):S58-61.

[2] Shearer A, Scuffham P, Gordois A, Oglesby A. Predicted costs and out-
comes from reduced vibration detection in people with diabetes in the US.
Diabetes Care 2003;26:2305-10.

[3] Gordois A, Scuffham P, Shearer A, Oglesby A. The healthcare costs of
diabetic peripheral neuropathy in the UK. Diabet Foot 2003;6:62—73.

[4] Boulton AJM, Vileikyte L, Ragnarson-Tennvall G, Apelqvist J. The global
burden of diabetic foot disease. Lancet 2005;366:1719-24.

[5] Bauman JH, Brand PW. Measurement of pressure between foot and shoe.
Lancet 1963;1:629-32.

[6] Martinez-Nova A, Cuevas-GarciaJC, Pascual-Huerta J, Sinchez-Rodriguez
R. BioFoot® in-shoe system: normal values and assessment of the reliability
and repeatability. Foot 2007;17:190-6.

[7] Putti AB, Arnold GP, Cochrane L, Abboud RJ. The Pedar® in-shoe system:
repeatability and normal pressure values. Gait Posture 2007;25:401-5.

[8] Dabiri F, Vahdatpour A, Noshadi H, Hagopian H, Sarrafzadeh M. Electronic
orthotics shoe: preventing ulceration in diabetic patients, 30th Annual Inter-
national IEEE EMBS Conference, Vancouver, Canada; 2008. p. 7714,
doi:10.1109/IEMBS.2008.4649266.

[9] Descatoire A, Thévenon A, Moretto P. Baropodometric information return
device for foot unloading. Med Eng Phys 2009;31:607-13.

[10] Reiber GE, Vileikyte L, Boyko EJ, Del Aguila M, Smith DG, Lavery LA,
et al. Causal pathways for incident lower-extremity ulcers in patients with
diabetes from two settings. Diabetes Care 1999;22:157-62.

[11] Gefen A. Plantar soft tissue loading under the medial metatarsals in the
standing diabetic foot. Med Eng Phys 2003;25:491-9.

[12] Atlas E, Yizhar Z, Khamis S, Slomka N, Hayek S, Gefen A. Utiliza-
tion of the foot load monitor for evaluating deep plantar tissue stresses
in patients with diabetes: proof-of-concept studies. Gait Posture 2009;29:
377-82.

[13] Linder-Ganz E, Shabshin N, Itzchak Y, Yizhar Z, Siev-Ner I, Gefen A.
Strains and stresses in sub-dermal tissues of the buttocks are greater
in paraplegics than in healthy during sitting. J Biomech 2008:;41:
567-80.

[14] Loerakker S, Manders E, Strijkers GJ, Nicolay K, Baaijens FPT, Bader
DL, et al. The effects of deformation, ischaemia and reperfusion on the
development of muscle damage during prolonged loading. J Appl Phys
2011;111(4):1168-717.

[15] Luboz V, Perrier A, Stavness I, Lloyd JE, Bucki M, Can-
nard F, et al. Foot wulcer prevention using biomechanical
modeling. Comput Methods Biomech Biomed Engin 2014,
http://dx.doi.org/10.1080/21681163.2013.837410.




