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Abstract—It is known that the physical conditions of an
environment might represent an important risk of falling. In
this paper, we report an ongoing project toward the creation of
intelligent clothes aiming at preventing falls related to such con-
ditions. The package described here is centered on an intelligent
shoe. The developed prototype counts two main parts: hardware
and software. The material is composed of a set of sensors and
actuators, distributed in strategic positions of the shoe, while the
software is a soft real-time system running on a Smartphone.
Our prototype has been served for the differentiation of physical
properties of soils (concrete, broken stone, sand and dust stone).

Index Terms—Fall prevention, augmented shoe, smart shoe

I. INTRODUCTION

Falls represent a major factor in the frail elderly. Beyond

the physical injuries they can cause (fracture of the proximal

femur), in many cases falls leave a psychological impact due

to the fear of falling. All these factors can lead to a significant

loss of autonomy. Such observations have contributed to the

design and implementation of multiple programs dedicated to

the prevention of accidental falls. Knowing that such a program

has to include many risk factors in order to be effective: phys-

ical exercises, education, health “state controls” (orthostatic

blood pressure, vision, hearing, balance and gait, drugs review,

etc.) and environment hazards have been incorporated into

multiple programs [1]. Thanks to recent advances achieved in

many technologies, we would like to go a step further these

approaches, by analyzing and exploiting the interdependence

of several factors. For example, we know that the type of the

ground that a person is walking on, may affect his/her balance

[2]. Our research project aims at targeting these aspects.

By doing so, unlike traditional activities aiming at prevent-

ing accidental falls, we want to provide an on-site assistance

to the user via different intelligent clothes. More particularly,

our goal is to assist the user in situations where the physical

conditions of his/her environment might represent a high risk

of falling (slippery surfaces, steep slope, etc.). To this goal, we

report here the development of an intelligent package centered

on an augmented shoe. This prototype is composed of a set of

sensors and actuators, distributed in strategic positions of the

shoe, driven by a real-time system running on a Smartphone.

This paper presents the first prototype of the ACHILE (AC-

tive Human-computer Interface for Locomotion Enhancement)

system. In a first experiment, while walking on several types

of ground (concrete, broken stone, sand and dust stone), data

collected via the sensors has served for the differentiation of

Fig. 1. Augmented Shoe Prototype

the physical properties of multiple types of soils. In a next step,

these results will serve for the determination of appropriate

stimuli that should be conveyed via the actuators in order to

provide an on-site assistance to the user.

II. RELATED WORK

As shown in [3], over the past decade, several types of shoe

or sole having data acquisition and/or vibration transmission

capabilities have been developed. Nevertheless, much of these

works has been designed for the rendering of symbolic in-

formation (i.e. directional indicator, encoded message) rather

than conveying ecological stimuli [4]. In the field of interactive

shoes, Paradiso et al. have proposed an instrumented shoe for

acquisition of the gait while being equipped with a sound

feedback for dance performances [5]. Samsung Electronics

was also interested in dance training with his patent presented

in [6]. Recently, an instrumented shoe dedicated to analyzing

and maintaining the balance via a single-frequency vibrotactile

feedback was presented in [7].

Instrumented shoe with wireless capabilities demonstrates

the feasibility of computing walking parameters such as heel-

strike, toe-off, foot orientation and position [8]. Some factors

associated to a risk of fall were analyzed and a risk factor index

was computed with eight walking parameters such as pressure



correlation, step time, cadence and stance-to-swing ratio [9].

Nevertheless, in these previous works, the computation of the

balance did not take into account everyday life activities of

the user, medication and environmental perturbations [10]. The

environmental perturbation considered in this paper includes

the physical properties of the soil.

In the work described in [11], similar methods combined

with an artificial intelligence module, were used to compute

the balance of the user. In the patent described in [12] such

a system is used in order to automatically detect a fall and

notify the accident to a health care professional via an internet

connection. Other interactive systems exist. For example, the

one detailed in [13] provides a support system for athletes

training. This product does not analyze the posture, but eval-

uates whether the energy of the athlete is spent adequately

according to the type of ground. In [14], “Early Success Inc.”

details an application for the correction of children gait. This

work targets defects such as toe-walking. A beep indicates

an error in the gait in a manner similar to the proposals of

[5]. The latest patents of “Adidas International Marketing”

discusses mechanisms that automatically adapt the stiffness of

the sole according to the activity: [15], [16]. The actuator of

the mechanism helps at adjusting the physical characteristics

of the sole namely its stiffness and its damping. Posture and

balance are modified according to the realized adjustment, but

this patent does not present any algorithm for recovering nor

analysing the balance.

As seen through this brief review, different types of shoe

and sole were developed through multiple technologies. In the

system that we describe here, we propose a new approach that

combines several of these technologies in order to prevent falls

related to physical conditions of the soil.

III. PROPOSED SYSTEM

The ACHILE system contains several sensors and actuators.

The package described here is centered on an intelligent shoe

which is also used in serious game such as training balance

control over different types of soil [17]. This is one of the

components of the intelligent clothes. The developed prototype

counts two main parts: hardware presented in subsection III-A

and software in subsection III-B.

A. Hardware

With the first ACHILE prototype, we want to arrive with

a system that will provide an on-site assistance to the user.

Considering that balance and gait are dependent on physical

characteristics of the soil [2], it is important to provide a

support adapted to the type of soil. To achieve this goal, in

addition to measures relating to gait, it is therefore crucial to

detect the physical characteristics of the soil. Knowing that

the foot and the hip movements are important factors in the

gait, we inserted several sensors in a shoe (see Fig. 2). In

other words, some sensors are used for measuring physical

properties of the environment while other help at computing

gait parameters.
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Fig. 2. Repartition of the the sensing and actuating devices in the sole.

• The shoe and its sole. The utilized shoe has no specific

characteristic except that his heel should be at least as

stiff as the harder material to identify. In other case, the

measurement will be coupled with the heel deformation.

• The accelerometer and gyrometer

The accelerometer is inserted in the hardest part of the

heel (see Fig. 1). It provides useful information about the

movement of lower limbs. On the other hand, since vibra-

tions have been widely exploited for soil identification in

planetary exploration rovers [18], they can serve the same

purpose in this system. In other words, we assume that

for soils having different physical characteristics, different

vibrations should occur between the sole of the shoe and

such grounds. It is in this state of mind that we used the

accelerometer to measure these vibrations. The experience

described in Section IV, will evaluate this hypothesis.

• Force sensors. The force sensors capture the interaction

between the foot and the ground. This information is

an input to the computation of gait parameters such as

center of mass (COM) and center of pressure (COP). Both

positions of COM and COP determine the stability of the

user’s gait.

• Temperature and humidity sensors. Gao et al. empha-

sized that the glaze ice was causing a high percentage

of falls due to the thin layer of water located on their

surface [19]. Because of such an observation, we inserted

a temperature and humidity sensor into the shoe.

• Auditory/vibrotactile/visual actuators. Various studies

have shown that sending appropriate stimuli could correct

sway in the gait and posture [20], [16]. Based on the

theory that a certain level of noise can enhance the detec-

tion and the transmission of weak signal [21], vibrotactile

signal send to the somatosensory system has demonstrated

an improve on the balance [22] and on the gait [14]. In

the same way, it has been proved that various stimuli can

be used in order to correct the gait [22] and prevent falls

[23]. For this reason, we want to transmit stimuli to help

the user to correct abnormalities in his/her gait that can

lead to a fall. These stimuli can be auditory, vibrotactile

and visual as proposed in [24]. They will be transmitted

via the actuators inserted in the sole shoe, at the hip (from

the smartphone), and some LED located in the glasses.

• The electronic board. These sensors are acquired with an



electronic board which contains an ADC (analog to digital

converter) and Bluetooth capabilities. The microcontroller

on the electronic board embedded in the shoe is a PIC24

from Microchip. Signal waveforms are transmitted via

the Bluetooth (local telecommunication) to an Android

Smartphone where the data is logged and analyzed in

real-time.

B. Software

Data coming from the shoe should be treated in order

to provide appropriate assistance to the user. This treatment

is provided through a software component running on the

Smartphone. Here, we used a Galaxy 10.1 tab containing

the Android O.S. 3.2. Based on collected data, this software

module, which some components are shown in Fig. 3, aims

at determining if a situation seems to present a certain risk of

fall for the user. This module includes:
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Fig. 3. Components of the software.

• A database. This database contains personal information

of the user. It contains information that will be exploited

in order to provide a personalized assistance to the user.

In addition to data coming from the shoes, the database

contains data on: fear of falling [25], daily activities of

the user, his medical condition [26], [27], physical char-

acteristics of its usual environment, characteristics of its

lower limbs (morphology) and its gait model (parameters)

on different types of ground [2].

• Extraction of gait parameters. Some studies suggest that

the ability to reproduce reliably a gait pattern is related

to the risk of falling [28]. Temporal measure seems to

be a good measure of the risk. These temporal measures

are stride, step, stance, swing, and double support time.

Other measures could be step length, stride length, ca-

dence (number of step per second), stance-to-swing ratio,

pressure correlation under the foot [9] and postural sway

[29].

• A model of the walking dynamics. This model allows

determining the kinematics and dynamics of the gait. In

particular, it assesses whether the barycentre of the human

body observes a balance similar to that of an inverted pen-

dulum. Indeed, generally this barycentre should oscillate

between the step and the stride in a way to respect the

stability measures described in [30].

• Classification of user activities. Automatic recognition

of physical activity was previously investigated using

Support Vector Machine (SVM) classification [31]–[34]

and Fast Artificial Neural Network (FANN) classification

[35]. In particular, fall detection was also investigated

using only the accelerometer in a cell phone [36]–[38].

• Fall-risk analysis algorithm. This algorithm is the bond

that units the database to these three algorithms: extrac-

tion of gait parameters, walking dynamics and classifica-

tion of user activities. Its role is to assess the risk repre-

sented by a given situation. In this paper, this algorithm

is mainly used to differentiate the physical characteristics

of soil. The dynamic stability effect of compliant surface

on the gait has already studied in [39]. Our algorithm

implemented in the shoe differentiates the type of soil for

a better risk evaluation.

IV. EXPERIMENTAL RESULTS

The proposed system aims at assisting users in situations

where physical characteristics of the soil may present a certain

risk of fall. In order to provide such assistance, it is essential

to differentiate the types of soil one from each order. Knowing

that vibrations are often used in order to differentiate soils, we

hypothesis that the vibrations measured by the accelerometer

inserted in the shoe will also allow us to differentiate soils.

Here we describe the experiment conducted in order to evaluate

this hypothesis.

Hypothesis. We know that the type of a soil may affect

walking [2], we hypothesis that this difference should be

reflected in terms of vibrations that occur between the sole of

the shoe and the ground. Therefore, using the accelerometer,

we should be able to measure this difference. In other words,

using our augmented shoe, we will be able to differentiate from

grounds having different physical properties.

Apparatus: types of soil. For this evaluation, three granular

materials (deformable) and concrete (non-deformable) are used

as types of ground. The three granular materials are broken

stone, sand and dust stone: they are represented in Fig 4.

Experimental procedure. A 67 kg man, for who the shoe

has been designed, did wear the shoe for the experiment.

On each surface, he realized about thirteen steps one after

the other. During this experiment, for each step we recorded

the force located at the heel, the bending of the sole and

acceleration at the heel. Thanks to the speed of the electronic

board and our application, these measurements are collected

at a sampling frequency around 1000 Hz which is enough for

measuring ground reactions and vibrations.

Results and discussion. For the first five steps, Fig. 5 shows

the data recorded by the sensors. Starting from the top of this

figure, the four first graph shows the acceleration waveforms

logged for each type of ground. The two others show the heel

force and the bending of the sole. Looking at the heel force, we

observe that his extrema correspond to an equivalent extrema

in the acceleration graphs. This let us understand that the data

coming from the accelerometer is directly related to the steps

performed by the user.



Fig. 4. Test bench for an evaluation of the shoe

Looking at the acceleration graphs, quickly we notice

a clear difference between these four. This difference is

explained by the fact that the vibrations measured by the

accelerometer represent the variation of the soil deformation

under the impact force between the shoe heel and the ground.

These variations are directly related to the physical properties

of the soil. For the three deformable grounds (composed of

multiple grains) these properties are characterized by different

parameters. For example, one can quote: the size of a grain

and its geometry, the grain density (space available between

the grains) and the corresponding rheological model of the

soil. All this explains the differences observed between the

three first graphs. As opposed to the others, the concrete is a

non-deformable ground. We thus understand that the vibrations

corresponding to the impact between the heel and the concrete

are different from the previous ones.

A better understanding of the acceleration waveforms needs

an insight of the humain gait. Human gait is usually composed

of two periods in one cycle of walking: stance phase and

swing phase. During the stance phase, the muscles are solicited

for maintaining balance while during the swing phase, the leg

accelerates forward in front of the walker like a double pendu-

lum. The double stance support occurs between the transition

from the stance phase to the swing phase; it represents about

10% of the walking cycle. This name comes from the fact that

both feet support the whole body. A walking cycle begins by

a double stance support and contains another one after 50% of

the cycle. The vibration of the ground is coming from the first

heel strike at the beginning of the stance phase. This stance

phase has a duration of approximately 60% of the walking

cycle. It may be divided into three parts: the first heel strike

on the ground (the contact in the initial double stance support),

the midstance and the propulsion where the toes apply a force

to the ground.

To get more details about each type of vibration, the

waveforms have been treated in a four steps process. The

first one consists at finding the beginning and the end of each
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Fig. 5. Measurement and signal waveforms for each material

) * + ) * , ) * - ) * . ) * / ) * 0 ) * 1 ) * 2 ) * 34 5 6 7 8 9 7 : * ;
< ==>? >@ABC DE? >F>? G H I J K : J L 5 M 9 J K I : 7 N O H P Q R 9 5 H I

S O H T 7 I 9 J H I 7U J H I 7 M Q 9 JU K I MG H I : O 7 J 7
Fig. 6. Some acceleration waveforms after signal processing

frame. Each frame corresponds to approximately a second of

acquisition associated with the stance phase duration. Since

the duration of the stance phase may vary between gait steps,

the number of acquisition points is not determined. Thereafter,

zero padding is added at the beginning and at the end to obtain

2
n data points then a hamming window is applied on the signal.

In a last step, this signal is finally filtered with a Savitzky-

Golay (polynomial) smoothing filter with an order of 21 and

an analysis of 43 data points.

The previous analysis can be exploited in determining an

algorithm that can serve for the identification of each type

of ground. Nevertheless, at the current step of our research,

we are not interested in this issue; this will be addressed in

a future work. The three stance parts are clearly identified on

the Fig. 6. This experiment has served for the validation of our

hypothesis. Indeed, the waveforms observed in Fig. 6 clearly

exhibit different waveforms of vibrations for the different types

of grounds.



V. CONCLUSION

This paper described an intelligent system aiming at pro-

viding on-site assistance to users. This system is centered on

an augmented shoe containing several sensors and actuators.

With the realized experiment, we showed that the use of an

accelerometer can serve for the differentiation of several types

of grounds (concrete, broken stone, sand and dust stone).

Unlike rovers, classification of terrain is different for a walker.

We have to consider the gait of the walker. The originality

of the research work is therefore the analysis of acceleration

waveforms during the stance phase and more particularly

during the heel strike.

ACKNOWLEDGMENT

The authors would like to thank the company Rodrigue le

Bottier who built the first prototype.

REFERENCES

[1] J. Filiatrault, M. Parisien, S. Laforest, C. Genest, L. Gauvin, M. Fournier,
F. Trickey, and Y. Robitaille, “Implementing a community-based falls-
prevention program: From drawing board to reality,” Canadian J. on

Aging, vol. 26, no. 3, pp. 213–225, 2007.
[2] D. Marigold and A. Patla, “Adapting locomotion to different surface

compliances: Neuromuscular responses and changes in movement dy-
namics,” J. of Neurophysiology, vol. 94, no. 3, pp. 1733–1750, 2005.

[3] M. Magana and R. Velazquez, “On-shoe tactile display,” in IEEE Inter-

national Workshop on Haptic Audio Visual Environments and Games,
2008, pp. 114–119.

[4] Y. Visell and J. Cooperstock, “Design of a vibrotactile display via a rigid
surface,” in IEEE Haptics Symposium, 2010, pp. 133–140.

[5] J. A. Paradiso, S. J. Morris, A. Y. Benbasat, and E. Asmussen, “Inter-
active therapy with instrumented footwear,” in CHI. ACM, 2004, pp.
1341–1343.

[6] J. H. Kim and H. S. Hong, “Dance training method and system using
portable wireless terminal,” US Patent 2007/0231778 A1, 2007.

[7] J.-S. Shieh, B. C. Jiang, K.-H. Wang, and W.-H. Yang, “Fall-risk
evaluation and balance stability enhancement system and method,” US

Patent 2011/0251520 A1, 2011.
[8] S. Bamberg, A. Benbasat, D. Scarborough, D. Krebs, and J. Paradiso,

“Gait analysis using a shoe-integrated wireless sensor system,” IEEE Tr.

on Information Technology in Biomedicine, vol. 12, no. 4, pp. 413–423,
2008.

[9] H. Noshadi, S. Ahmadian, H. Hagopian, J. Woodbridge, F. Dabiri,
N. Amini, M. Sarrafzadeh, and N. Terrafranca, “Hermes: Mobile bal-
ance and instability assessment system,” in Conference on Bio-inpsired

Systems and Signal, BIOSIGNALS, Jan. 2010, pp. 264–270.
[10] D. Ganz, Y. Bao, P. Shekelle, and L. Rubenstein, “Will my patient fall?”

J. of the American Medical Association, vol. 297, no. 1, pp. 77–86, 2007.
[11] E. Lieberman, K. E. Forth, and W. H. Paloski, “Determining postural

stability,” US Patent 8,011,229 B2, 2011.
[12] E. Lieberman, K. E. Forth, R. Piedrahita, and Q. Yang, “Method and

systems for sensing equilibrium,” US Patent 2009/0137933 A1, 2009.
[13] Z. S. Sobolewski, “Intelligent sport shoe system,” US Patent

2011/0087445 A1, 2011.
[14] L. Sanabria-Hernandez, “Stimulus training system and apparatus to

effectuate therapeutic treatment,” US Patent 7,997,007 B2, 2011.
[15] D. Ferris, M. Louie, and C. Farley, “Running in the real world: Adjusting

leg stiffness for different surfaces,” Proc. of the Royal Society B:

Biological Sciences, vol. 265, no. 1400, pp. 989–994, 1998.
[16] M. Janssen, R. Stokroos, J. Aarts, R. van Lummel, and H. Kingma,

“Salient and placebo vibrotactile feedback are equally effective in
reducing sway in bilateral vestibular loss patients,” Gait and Posture,
vol. 31, no. 2, pp. 213–217, 2010.

[17] B.-A. J. Menelas and M. J.-D. Otis, “A serious game for training balance
control over different types of soil,” in Conference on Serious Games

Development and Applications. Springer, 2012, pp. 1–14.
[18] C. Brooks and K. Iagnemma, “Vibration-based terrain classification for

planetary exploration rovers,” IEEE Tr. on Robotics, vol. 21, no. 6, pp.
1185–1190, 2005.

[19] C. Gao and J. Abeysekera, “A systems perspective of slip and fall
accidents on icy and snowy surfaces,” Ergonomics, vol. 47, no. 5, pp.
573–598, 2004.

[20] M. Dozza, L. Chiari, and F. Horak, “A portable audio-biofeedback system
to improve postural control,” in IEEE Engineering in Medicine and

Biology, vol. 26 VII, 2004, pp. 4799–4802.
[21] A. Priplata, J. Niemi, M. Salen, J. Harry, L. Lipsitz, and J. Collins,

“Noise-enhanced human balance control,” Physical Review Letters,
vol. 89, no. 23, pp. 238 101/1–238 101/4, 2002.

[22] A. Priplata, J. Niemi, J. Harry, L. Lipsitz, and J. Collins, “Vibrating
insoles and balance control in elderly people,” Lancet, vol. 362, no.
9390, pp. 1123–1124, 2003.

[23] M. Yu, Y.-J. Piao, H.-I. Eun, D.-W. Kim, M.-H. Ryu, and N.-G. Kim,
“Development of abnormal gait detection and vibratory stimulation
system on lower limbs to improve gait stability,” J. of Medical Systems,
vol. 34, no. 5, pp. 787–797, 2010.

[24] B.-A. J. Menelas, L. Picinalli, B. F. G. Katz, and P. Bourdot, “Audio
haptic feedbacks for an acquisition task in a multi-target context,”
in Proc. of the Symposium on 3D User Interfaces, ser. 3DUI ’10.
Washington, DC, USA: IEEE Computer Society, 2010, pp. 51–54.

[25] S. Greenberg, “Analysis of measurement tools of fear of falling for
high-risk, community-dwelling older adults,” Clinical Nursing Research,
vol. 21, no. 1, pp. 113–130, 2012.

[26] A. Huang, L. Mallet, C. Rochefort, T. Eguale, D. Buckeridge, and
R. Tamblyn, “Medication-related falls in the elderly: Causative factors
and preventive strategies,” Drugs and Aging, vol. 29, no. 5, pp. 359–376,
2012.

[27] N. Boyle, V. Naganathan, and R. Cumming, “Medication and falls: Risk
and optimization,” Clinics in Geriatric Medicine, vol. 26, no. 4, pp.
583–605, 2010.

[28] D. Hamacher, N. Singh, J. Van Dieen, M. Heller, and W. Taylor,
“Kinematic measures for assessing gait stability in elderly individuals:
A systematic review,” J. of the Royal Society Interface, vol. 8, no. 65,
pp. 1682–1698, 2011.

[29] I. Melzer, N. Benjuya, and J. Kaplanski, “Postural stability in the elderly:
A comparison between fallers and non-fallers,” Age and Ageing, vol. 33,
no. 6, pp. 602–607, 2004.

[30] S. Bruijn, D. Bregman, O. Meijer, P. Beek, and J. van Dieen, “The va-
lidity of stability measures: A modelling approach,” J. of Biomechanics,
vol. 44, no. 13, pp. 2401–2408, 2011.

[31] E. Sazonov, G. Fulk, J. Hill, Y. Schutz, and R. Browning, “Monitoring
of posture allocations and activities by a shoe-based wearable sensor,”
IEEE Tr. on Biomedical Engineering, vol. 58, no. 4, pp. 983–990, 2011.

[32] D. Fuentes, L. Gonzalez-Abril, C. Angulo, and J. Ortega, “Online motion
recognition using an accelerometer in a mobile device,” Expert Systems

with Applications, vol. 39, no. 3, pp. 2461–2465, 2012.
[33] A. Mannini and A. Sabatini, “On-line classification of human activity

and estimation of walk-run speed from acceleration data using support
vector machines,” in IEEE Engineering in Medicine and Biology Society,

EMBS, 2011, pp. 3302–3305.
[34] J.-X. Peng, S. Ferguson, K. Rafferty, and P. Kelly, “An efficient feature

selection method for mobile devices with application to activity recog-
nition,” Neurocomputing, vol. 74, no. 17, pp. 3543–3552, 2011.

[35] C. Hodapp, S. R. Edgar, G. Fulk, and E. Sazonov, “Real-time posture
and activity recognition by smartshoe,” in International Conference on

Environment Science and Engieering, vol. 32, 2012, pp. 177–181.
[36] R. Lee and A. Carlisle, “Detection of falls using accelerometers and

mobile phone technology,” Age and Ageing, vol. 40, no. 6, pp. 690–696,
2011.

[37] S.-H. Fang, Y.-C. Liang, and K.-M. Chiu, “Developing a mobile phone-
based fall detection system on android platform,” in Computing, Com-

munications and Applications Conference, 2012, pp. 143–146.
[38] M. Albert, K. Kording, M. Herrmann, and A. Jayaraman, “Fall classi-

fication by machine learning using mobile phones,” PLoS ONE, vol. 7,
no. 5, 2012.

[39] M. Chang, E. Sejdic, V. Wright, and T. Chau, “Measures of dynamic
stability: Detecting differences between walking overground and on a
compliant surface,” Human Movement Science, vol. 29, no. 6, pp. 977–
986, 2010.


