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Abstract: This paper introduces the design and development of a novel presssitve

foot insole for reatime monitoring of plantar pressure distribution during walking. The
device consists of a flexible insole with 64 pressessiive elements and an integrated
electronic board for highrequency data acquisition, piikering, and wireless transmissitm

a remote data computing/storing unit. The pressereitive technology is based on an
optoelectronic technology developed atuSla Superiore Sabtnna. The insole is a
low-cost and lowpower batterypowered device. The design and development of the
device is presented along with its experimental characterization and validation with healthy
subjects performing a task of walkirag different speeds, and benchmarked against an
instrumented force platform.

Keywords: sensorizednsole plantar pressure distribution; gait analysis; Htegak gait
monitoring wearable sensor

1. Introduction

Gait analysis is the systematic study of human walking, performed by collecting kinematic and
kinetic data that describe and characterize it. Gait analysis is applied in different fields, suttteas in
clinical environment, where it is fundamental for thesessment of gait pathologies 3], the
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prevention of pressure ulcers in diabete$][4r the assessment of the course of an orthopaedic
disease. In addition, gait analysis carried out for sport purposes is aimed at helping athletes to gain «
high levé of performance [68], while minimising the risk of painful injurieso shins and joints [9]

Finally, scientific research laboratories use gait analysis with the aim to study mechanisms of human
musculoskeletal system and cerebral apparatus. Eatlesé application fields uses different gait
analysis techniques to pursue specific aims.

In the state of the art, three main solutions for plantar pressure monitwgngroposedforce
platforms, pedobarographs and pressaesitive foot insoles [7].dfce and pressure platforms are
very reliable and accurate devices, thanks to their very sensitive anerdagkency sensors
(sensitivity is up to 1 N, sampling frequency can reach 200 Hz); these devices can be used for both
static and dynamic studiesiké for assessing balance, posture and gait. Pedobarographs are
characterized by extremely high spatial resolution, that can reach 1 mm [8]. Nevertheless both force
platforms and pedobarographs are affected by several limitations such as high encurhigyance,
weight and the lack of portability [10], which restrict their application to clinical or research
laboratories. Moreover, force platforms are affected by the "targeting" effect, that significantly alters
the normal gait of the subjects [11].

When a hgh portability is desired, or measurement of pressures atlfmat interface is required,
pressuresensitive insoles appear e¢ffer the best tradeff in order to perform gait analysis. Their use
is however limited to applications that do not need extigiprecise measurements. Two main aspects
are important when dealing with presssensitive insoleg1) the technology used for sensd® the
actual information that can be extracted.

In the last years, examples of sensorized insoles based onrdiffensing technologidsave been
developed and commercialized [13]: FScarf system (Tekscdh SouthBoston MA, USA) uses
force-sensing resistors (FSRs) [14]; the ParSTsgstem (Paromé&d NeubeuernGermany utilizes
piezoresistive sensors [15]; thedaf system (Novél GmbH, Munich, Germany) usesembedled
capacitive sensors [16]. Despitet factall of these systentsaveshown their usability ingait analysis
applications some limitations were pointed out, such as: (i) the flexible costatace may distort
unpredictably causing undesired variations of the sensor response; (ii) the output may drift when the
load is applied for long time, mainly due to the heat inside the shoe; and (iii) ssjgedic
calibration procedures may be negdend may alter measurement accuracyi 207. The scientific
interestin the biomechanical evaluation of gait using portable devices is also evident when considering
that many research laboratories are currently trying to developvidrsions ofinsoles,with different
technologies and different requirementsi[23]. The limitations of these research prototypes are
mostly three: first, they usually have a relatively small number of sensitive elements, which are
positioned in correspondence of specifictanacalreperi, and lead to a reduced spatial resolution and
a consequent difficulty to reconstruct an accurate pressure map under the foot sole. Second, thes
prototypes require timeonsuming subjeetpecific calibration procedures. Finally, in some sasige
devices store acquired data into an internal memory without dmeomlata transfer to a remote
computing/storing unit thus preventing them from being used in applications efinmealgait
analysis [2£5].

One of the ultimate goals of gait ansily though presswgensitive insoles is théetection of gait
events,e.g, heel strike, miestance, to@ff [26,27]. These events are important in order to extract
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biomechanical features for clinical diagnosis (eggit speed, temporal duration of stafswing, gait
symmetry) and their variability over gait cycles, as well as walking conditions ¢peed, cadence)
and locomotion tasks (e,gascending/descending stairs,-teistand, standio-sit) [28]. However,
sensorized foot insoles can also bedusn other applications such astivity recognition (e.g.in
ambient assisted living) [29], reime control of robotic systems (e.g., in lowenb powered
prosthetic/orthotic devices), or the setup of rehabilitation strategies (e.g., using funetemtatal
stimulation) [30].

In this study we introduce the design and development, the experimental characterization and the
benchmarkng against an instrumented force platform of a novel flexiblshioe device for redime
monitoring of plantar pressure distributions. The sensor technology relies on an optoelectronic
transduction principle: a light emitter faces a photodiode as lightveg they are covered by a shell
made of opaque silicone which deforms under the effect of an external force occluding the light path.
An extended abstract of this work was previously presented in a conference paper [31], where we
gave a concise overvieof the system design and architecture. Furthermore, in a more recent journal
paper [32], wereviewed the opt@lectronic pressursensitive technology and reported about the
pressuresensitive insole as a casteidy application, by briefly recapping therk presented if31].

Finally, the proposed presstsensitive insole was also experimented to validate methods of gait
segmentation [334], techniques of sensory fusion for decoding motion intentions in healthy
subjects [35], and to develop an augnenteedback system for lowdimb unilateral transfemoral
amputees [36].

The proposed system advasa@xisting devices by integrating the following featurésst, the
sensing technology is not sensitive to the temperature, thus there is no drift aoitphe over
prolonged recording sessions. The sensing technology does not need amplifiers so that conditioning
electronicsare not heavy and can be located on the shoe, and the subject has no need to wear any
instrumented belt. Second, the system does ne&d repeated calibrations during lethgation
acquisitions: calibration is performed just once in thditife of the pressursensitive insole, arddas
a consequenéethe systemis easy to use. Third, the system has an appropriate spatial resolution
(1 am?), data are sampled at a relatively high sampling frequency (100 Hz) and its lifetime is sufficient
to allow prolongedecording sessiorgichas the ones carried out in j3&5].

The paper is organized as follawection 2 describes the design and development of the device.
Section 3 describes the experimental validation of the pressusgtive insole. Section 4 presents the
results, that are then discussed in Section 5. Finally, in Section 6 we draw the ocosdusbffer a
perspective on future uses dodherdevelopment of the system.

2. The Pressure Sensitive Foot Insole
2.1. System Functional Requirements

The design of the pressusensitive insole addressed three main functional requirenfeststhe
pressure distributionnderthe footsoleshould be estimatedith a relatively high spatiall(cnf) and
temporal (0.01 s) resolutipm particular, the sensing area shobéllarge enough tallow an accurate
estimateof the spatial coordinaseof thecenter of pressurd) (¢ Y0andthe verical ground reaction
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force O "OY, @hich are relevant variables assess the gait biomechani@g|[ Second, it is desirable
that the measurement system iseH-standingwearablewireless systegnat this regaf, we aimed at
developinga measurement apparatimat could beentirely integratedn the shoeandable to transmit

all relevantdata wireledy to a remotedata storing/computing unit. Finally, the system should be
batteryoperated and ensure an autogaohat leasteight hours thisis indeeddesirable to enable the
use of the systerfor prolonged recording sessions (e.g., monitoring the gait in activities of daily
living) andfor feeding data to theontrolsystem ofobotic prostheses/exoskeletofgs].

2.2.SystemArchitecture

The pressuresensitive footnsole comprises two main partietransduction uniand theon-board
electronicsfor signal conditioning and data transmissi@n.conceptual description ahe system
architecturas given inFigure 1.

Figure 1. Overview of thesystem architecture
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Thetransduction unitonsistsof two main parts: (i) &élack-dyed opaqusilicone layer divided into
64 cells and (i) a 0.2z-mmtthick printed circuit board (PCB) which houses the optoelectronic
componentsThe sensing technologyas developed at ScudBuperioreS a nt & A nthedast éve e r
years[32,39,4Q0 for measuring the interaction pressure at the hurobat physical interface of the
NEUROEXxosrobotic exoskeleton for uppdimb rehabilitaton [417 44] and theLOPES lower-limb
active orthosis45,44.

With reference to [32], we built the pressisensitive insole upon a modified version of the sensing
element of the second generation of presserssitive pads (PSP), namely PSP2.0. The tratisdu
unit consists of independent silicone cglihe sensitive elemesntThe silicone cell has the shape of a
pyramidal frustum with a square basis and an internal central cufigumwd 3. Each cell covers a
light emitter and a light receiver diodesgldered on the PCB. The light emitter is a Higtminosity
green LED QOSA Opto Light GmbH, Berlin, Germanj47]); the receiver is an ambiehght
photodiode (Avago Technologies Ltd., San Jose, CAA 8]) and is equipped with an embedded
temperaturecompensation circuit which prevents the output signal from drifting over a wide operating
range (10C 160 €): this is suitable for all indoor applications and majority of outdoor scenarios.
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Figure 2. (a) Overview of the sensitiveelement and its functiomg principle;

(b) crosssection of the silicone covefor the pressursensitive elements we chose the
following values for the constructive parameters: B1 = 12 mm, B2 = 10 mm, B3 = 3 mm,
H1=26mm,H2=55mm, T =1.5 mm.

Load

Light Sensor

(@)

Sensor

. 10omm |
o m
0.2 mm

The transduction mechanism acts as described in the following: when a load is applied on the top
surface of the cover, the silicone bulk deforms itself and the curtain gradually closes the light path
between the emitter and the receiver, and thus the outfiag®ahangs. The sensor thus works as a
forceto-voltage transducer. The dimension of the frustum bad® is 12 mn¥, while the top face
is 10 x10 mn, and the height is 5.5 mriigure ). The contact surface provides a spatial resolution
of 1 cnf.

In the current prototype, differently from the PSP2.0 described in [32], in order to reduce the
sensitivity to the tangential loads (which arise during walking mostly as a consequence of tbf& push
and can affect the sensor output) we addressed thaviiogjdhree changes in the shape and structure
of the silicone bulk of the sensitive eleme(): we added a new geometrical parameie., the
thickness of the frustum base (B3 in Figui®; Zii) we changed the values of the other paramgters
(i) we employed a stiffer silicone rubber (Sorta Clear 40, Shore 40 A, Srotinc., Easton, PA,

USA). Therefore the shape of the cover is identified by six geometrical parameters: (i) the side of the
lower base B(ii) the side of the upper face Bgii) the thickness of the base B@v) the thickness of

the upper face ;T(v) the height of the curtain KH1vi) and the height of the frustum H2. By changing

the mentioned geometrical parameters and/or modifying the mechanical properties of the silicone, the
sersitivity of the sensor to the applied load as well as the measurable range of forces change. For the
sensorized insoleye assumed a working range for each sensoii 80®@ kPa $]. We identified the

values of the geometrical parameters by meangeddtive simulations using a 3D finidement

model, as explained in [32].

An overview of theelectronic board purposivelyengineered by Robotech (Peccidialy) for the
pressuresensitive insole, is shown iRigure 3 The main components of the boaack: (i) four
analogdigital converters (ADC) to perform highequency sampling and digitalization of the signals;

(i) a STM32F103x8 microcontroller that performs all the computation; (iii) a power socket to power
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the board either with external 3.6 \bwer supply, or with an external Lithiston battery; (iv) a
communication socket to connect the acquisition board with the communication board through a serial
UART protocol.

Figure 3. (@) Overview of the devicesensorized insole connected to the eleitrdoard
through flat cables, Bluetooth transmitter;lan battery;(b) detail of the electronic board
and Bluetooth transmitter connected together and placed into;gdaverview of the
device set up into the shoe.
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Theelectronicboard performs the following operations:

(1) sampling of thé4 analogsignalsat 1.2kHz frequencythrough the four 1@hannelADCs;

(2) low-pass filtering ¢ut-off: 40 H2 and dwn-samplingto 100Hz;

(3) voltageto-force conversion of the output signfilbm each sensitive element based on the
characterization curve reported in the nextsettion;

(4) calculation of the tota) "O'Ya@d coordinates of thi € ;0

(5) data transmission by means of a Bluetooth connection to remote reegi¥6sHz

For the alculation of thed "O'Yadd 6 ¢ @oordindes first, the output voltag® of the ith
sensitive elememwasde-offset and converted into a for&@
O m.hEVE T8t
. 8 O ] 8 0 R 1)
O ¢cPpyYoen c® T N hEUVE T8t ®

thend "O'YA&dd ¢ Boordinates were calculated as follows:
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with ¢ andw being the spatial coordinates of each sensitive element. Nofablyandd ¢ {(cwand
wcoordinates of thé & Yowere set tofiNot aN u mb éNaN) whend "OY"O ¢ 11 (we assumed
0 "OY"Qt. EVEOY O ¢ 1 ). Furthermore, we assumed tdsndwaxes identify respectively the
mediatlateral and anterposterior foot sole directions; in particular ttsecoordinate spans from
0 mm, when thé & s under the toe, to 250 mm, when thé s under the heel.

The current absorption of damsole (sensors and electronics) is about 150 mA at 3.6 V (nominal
power is about 0.54 W): a battery (si2é: x50 x3 mm) with a capacity of 200 mAh {.e., a low-cost
cell-phone battery) ensures an autonomy of about Zbidarray of sensitive elements is connected to
the electronic board through two flat cables (each with 32 analog channels) carrying unamplified
analog voltage signals.

2.3. ExperimentalCharacterizatiorof theSensitive Element

Given the different shapef dhe silicone rubber bulk, we carried out a novel experimental
characterization of the sensitive elements, aimed at assessing thtofdetermation behavior of the
silicone cover, as well as at constructing the folce pressurg to-output voltage arve of each
sensor. The fore®-output voltage characterization was performed by usinguae platform (TAP)
machine, developed at The BioRobotics Institute of Scuola Superio@BaatPisa, Italy), equipped
with a moneaxial load cell (LCM300, Faek, Irvine, CA, USA), and a rigid flat indenter. While
applying a predefined set of deformations on the sensitive element, we recorded the reaction force and
the output voltage of each sensor.

Since the silicone cover of the sensorized insole was obthjneasting silicone into a single mold,
we expected that thimrce-to-output voltage behaviour of all sensitive elements could differ among
them within a narrow range. As a consequence, we could identify an aggregate calibration function
(i.e., the forceto-output voltage curve) by averaging the behaviour of all sensitive elements.

In order to identify the quasitatic forceto-output voltage cuné for each sensitive eleméntve
applied a deformation in the rangé106 mm, with a loading speed set @084 mm/s (.e.,
~5 mm/min) Resulting data from each sensitive element were fitted by the sum of two exponential
functions {(e,"O0 0 Q 0 Q , where'Ois the applied force amalis the output voltage)hich
was found to be the best compromiseterms of complexity and goodness of fit (Maflatftool).

Figure 4 reports the experimental curves for one representative sensitive element, along with its
numerical model. The average value of the coefficients of the numerical model of all

64 sensitive elements (along with average values of the parameters showing the goodness of the fit
i.e, RMSE and B and the parameters of the aggregate calibration model are summaiiaédiii
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Figure 4. Characterization of one representative sensigement: §) quasistatic
force-to-deformation characterization; b) quasistatic forceto-output voltage curve,
experimental data of one selected sensor (blue dots) and fitting model (solid red line)
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Table 1. Fitting model of thdorceto-output voltage curve.

Fitting Model Coefficients (with 95%

. Fit Goodness
Confidence Interval)

RMSE [94 of
Al cl A2 c2 RMSE [N] R? te [r@
Averagedvalueover 19.366 6.745+ 120.458 10.596 1.071+ 0.988+ 2142+ 1.002
64 Numerical Models +5.526 3.704 +5569 +0.214 0.501 0.011 T
Aggregate
Calibration 21386 4.834 122300 10401 2.719 0.932 5438
Model

2.4. Data Recording Graphical User Interface and Gait Segmentation Algorithm

Data from the presswgensitive insoles are received, raale processed and stored on the remote
PC by means of a custom Labview routineafiinal Instruments Inc.Austin, TX, USA) with a
graphical user interface (GUIpata from the presswgensitiveinsoles can be receively any remote
device (PC, tablet or smpahone) equippedith customBluetooth receives, engineered by Robotech
A 921.6Kbit/s connection igequired to sustain a 138z communication rateAn overview of the
GUl isgiven inFigure 5

Through the developed GUI the experimenter can send comrt@iias orboard microcontroller
of the device to initiate (sstop) the data acquisitipto de-offsetraw voltagesand information on the
status of théattery

The GUI also allows # user to: (i) realime display the foot pressure map; (ii) show the graph of
they "O'Y #d of the instantaneous position of thé ;[iii) display the force applied on each singular
sensitive elementrinally, the custom Labview routine is alsopdéed to execute a retne gait
segmentation: collectesiomechanical variables.€., 0 "O'Yaado ¢ § areused to identify three gait
phases (nameliStance &, fiStance @ andfiSwin@), in accordance to a simplified formulation of the
model proposed by Perry and Dasi49]:
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(1) Stance 1(ST1) starts with the hestrike and ends when the body weight is aligned with the
forefoot; with reference to the Perry and Davwdasdel, ST1 groups the phagsegial contact
andmid-stance

(2) Stance 4ST?2) starts from the end of ST1 and ends with theothewvith reference to the Perry
and Davids model, ST2 groups the phasesinal stancendpre-swing

(3) Swing(SW) starts with to®ff and ends with heddtrike; SW coincides with th@wingphaseof
the Perry and Davids model.

The gaitsegmentation algorithm is addressedri®ans of the following set &quations
60 660 . ACDEAPR
DOYO ¢cmAT#®E D pgbi O DPEAPA 3)
DOYO ¢mAT#AED pgi o PEAPA

Figure 5. Graphical user interface developed in Labview environment.
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Biomechanical Variables

The empirical thresholdo differentiate betweerstance and swingvas set toi 20 N after
preliminary experimesst This threshold allowsneto detectthe heel strike and toe off eventgth a
few milliseconds of delay (about 30 ms), and prevestsgnition offalse positive due to the noise
of thesensors

3. Experimental Validation
3.1. Experimental Protocol

Two healthy subjects volunteered to take part to the experimental validation of the sensorized insole
Table 2 summarizes the main features of the two subjects. Both the subjects had no gait impairment
and signed an informed consebpon arrival subjects/ore comfortable sportswear and athletic shoes,
equipped with pressusensitivefoot insoles. They were asked to walk for some minutdsetmme
familiarized with the equipment.
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Each subject was asked to walk on a straight line, starting from a stiilopogai one end of the
room, and ending at the opposite end (the path was about 10 m long). In particular, subjects were
requested to repeat the grodesiel walking task for 15 times at a seklected slow speed, and for
15 times at a seelected nora speed.

Table 2. Subjects characteristics.

ShoeSize[EU] Weight [kg] Height [cm]
Subject #1 42 82 172
Subject #2 42.5 73 170

The walkway was also equipped with a force platfamorder to perform a midait protocol and
compare insole measurement witie output ofa commerciaforce plate(AMTI, Watertown, MA,
USA), which is considered ahe standardeferencein the field of kineticmeasurements fogait
analysis Subjects werespecificallyinstructed to walk withoutaking care of hitting the force plate, in
ordertoavoi d the progbllgm of Atargetin

Raw voltages and biomechanical variables (namelgdoedinates ofhed ¢ &nd thed "OY f@m
both pressursensitive insoles, along with online computed gha#ses, were synchronized with force
plate output data throughsynchroizing event recorded by all apparatus&l.data were then stored
in a file for offline analysis.

3.2 Data Analysis

Recorded data were analyzed as follows. Fii@t,each insole, from all 64 force valuege
reconstructed a timehangingqualitative mapof the pressure distribution under tfeot sole In
particular,pressure mapwere created by applying a mesh grid te taw map of forces (through a
customMatlab® routine), in order to @limensionally connect all the collected samples. No smoothing
techniques werapplied neither to regularize the surface nor to remove outliers.

Second, by combining thenline computedgait phasesof both pressursensitive insolesye
calculatedthe following relevant gait parameters: (i)stance and swing durationof both feet
(i) durationof the doublesupport phasesand (iii) step cadencef both feet For each trial, the first
and the last two steps were removed from the analysis in ordaotessonly data related with
steadystate stepsfor each foot, a step is identified as the time interval between two heel strikes.
Figure 6describes the extracti of temporal gait parameters, based on the online computed gait phases

For each foot, the duration of the stance phie ( for the left foot, and/® , for the right foot)
was computed by summing up t he2odurTahtei odnu roaft itohne
phase Yo , for the left foot, and/®d , for the right foot) was equal to the duration of the phase
i SWo . The dur atsuppart prmse prededing al 4éfot sihgte support o ) was

computed asthei me i nterval in which the | eft foot w
AST206. At the same wa-supportphase pdecedirgta righot singlé sugpdrte d C
(Yo ) was computed as the time interval in which the leftfo was i n the phase

foot was in AST10. RS antdt)werecdmpltedfas g@tYep Yoadenc
anddé pj Yo Yo
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Figure 6. Extraction of temporal gait parameters. The & midpaneldepictthe gait
parametersi( "O'Yaado ¢ (respectively acquired from the right (solid blue line) and left
(dotted blue line) pressusensitive insole. The bottom panel shows the results of the
online classification in gait phases and the uséhe$d¢ phases to calculate temporal gait
parameters for the righ¥9 ,¥0 , Y0 )andleftyo , Yo , Yo ) foot.
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Finally, for all the steps that were fully recorded by the force platform, we compared@é O
profile computed by the insole with the one measured by the force platform: data of all selected steps
werere-sampled in 100 samplemnd averaged across all steps.

We calculated different average O'Yptfiles for slow and normal speeds, as welfasthe two
different subjects. The comparison with the data from the force plate was addressed by computing the
normalized root mean square error (NRMSE) and the Pearson correlation (PC) coefficient. Being the

root mean square error defined2as 3 % B 0 "OY'O v "OY'O ¢, then we computed the

NRMSE as follows:. 2 - 3% 2 - 3% ®a OY'O & Qd OY'O , whered OY Cand

0 "OY "@enote tha) "O'Yri@asured respectively by the insole and the force plate, anthenumber

of observations. Furthermore, we calculated the mean absolute error (MAE) between the stance phas
duration computed from the forgatform (Yo ) and the insole dat&/¢ ), beingthe stance phase
duration the only temporal ggiarameter that we could compute from both insole and force platform data.

4. Results
4.1. Pressure Maps

An example of pressure maps that can be extracted from the developed gsessiiiee insoles is
reported inFigure 7: the reported mapdepict typicd undersole pressure patterns for Subject #1
during the weight acceptance phaggg(re &0 pressure isunder the heél and the pusioff
phasé pressuralistributionis mostly under théorefoot areaKigure7b).
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Figure 7. Pressure maps under the footd#ferent gait phaseqa) Weightacceptance
phase of the right foot. The weight is distributed on the heel region. The left foot is
swinging (b) Pwshoff phase of the right footThe weight is distributed on the right
forefoot. The left foot is startingo contact the ground.
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4.2 Gait Parameters

Averaged values of computed gait parameters are summariZexbi@ 3 The mean and standard
deviation of each parameter aeported for both slow and normal speeds.

Subject 1 walked with a step cadenc®@®0 Hz {.e., 48 steps per min) during the slow trials, and
slightly increased the cadence to 0.92 He.,(56 steps per min) during the noratgeed trials.
Coherently, the comparison of the results in the two conditions revealed a diminished stavwiagnd
duration for both feet. On the other hand, stance and swing duration expressed in percentage of gai
stride did not change significantly between the two conditions.

Results for Subject #2 were consistent, with slight differences. Indeed, as fectStbj from
self-selected slowspeed to normadpeed trials the step cadence increased from about 0.76ekz (

46 steps per min) to 1.04 Hie(, 62 steps per min), with the duration of the stance and swing phases
significantly decreasing. Differeptlfrom Subject #1, a higher cadence also resulted in a change of the
gait pattern: the percentage of stance duration significantly increased, while the percentage of swing
duration significantly decreased.

Table 1. Gait parameterdor all computed parameters we report the average value and the
standard deviationf ( A). Y0 ,¥0 ,Y0 ,¥d ,Y0 and¥Y0d (for the definition see
Section 3.2pare expressed both in (s) and @b}he gait stride. Right and left step cadence
(6 ando ) are expressed {idz].

Vsl Y4l Y m Yyl V4.8 Yl R

([%]) ([%]) ([%]) [Hz ] ([%]) ([%]) ([%]) [Hz]
Subject #1 0.80£0.06 0.46+£0.04 0.17+0.02 0.80% 0.82£0.07 0.42+0.04 0.19+0.06 081+
Slow speed (63+2) (372 (14+1) 0.05 (66+2) (34 2) (15 4) 0.07
Subject #1 0.72+£0.05 0.37+£0.03 0.17£0.03 0.92% 0.72+0.04 0.38+£0.03 0.17+£0.05 0.92%
Normal speed (66+2) (3412 (16+2) 0.06 (66+1) (34x1) (16 4) 0.05
Subject #2 0.85+£0.09 0.48+0.05 0.16+0.02 0.76% 0.80+0.05 0.54+0.07 0.16x0.06 0.75%
Slow speed 64+ 1) (36 1) (12+1) 0.10 (60t 2) (40+2) (12+5) 0.06

Subject #2 0.65+£0.07 0.34+£0.06 0.14+0.03 1.04% 0.64+0.05 0.35£0.03 0.15+0.05 1.02%
Normal speed (66t 3) (34+3) (15 4) 0.20 (65+2) (35x2) (15%5) 0.08
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4.3 0 "OYPDxfiles

Thev "OYpfiles of steadystate steps for Subject#1 and Subject #2 are shoWwigimes 8 and.

L "O'Ypfiles of both éft and right feet are shown Higure & andFigure @& (data are averaged
across all recorded stépsbout 50 steps for each subject andhespeed conditién(solid line), and
shown along with the standard deviation contour (shadowed).

For the two different speed conditions, and for both subject®’Y fofiles exhibit the
physiological doublgeak behavior: the first peak is recordedcorrespondence of the end of the
weightacceptance phase, which occurs betwes and 25% of the total stance time; the second
peak is recorded in correspondence of the qyuisphase, and occurs between 70% and 80% of the
total stance time4Q]. Coheretly with human physiological biomechanics, with the walking speed
increasing, the weigkdcceptance peak increases, and the minimum force between the two peaks
decrease[]. For sake of clarity, it is worth noting that we are making reference to thkiebgalue
of the recorded "OY O

Figure & and Figure ® report data from four different steps that comparebti@Yc@mputed
through thansole output data with the one from the force platform. In all selected steps, there are two
common trends tbighlight. On the one hand, the force measured by the force platform is higher than
the one measured by means of the sensorized insoles. On the other hand, despite the difference in tt
recorded values, the "O'Yp@files have the same qualitative pattern. Both the trends are confirmed by
the computed NRMSE and Pearson correlation coefficient reporfeabie 4 indeed, on average the
NRMSE isabout 80 (elatively high discrepancy between the profiles in termabsblute value) and
the PC coefficient is higher than 0.8 (low discrepancy between the profiles in terms of qualitative
pattern).Table 4also reports thal & ‘Yo Yo is on average equal to 0.03 s.

Figure 8.0 "O'Yptfiles of Subjet #1 Red line is the left foot; blue line is the right foot
(a) Average curve during slowon the leftpane) and normal (on the rightpane) speed
groundlevel walking (b) Comparison between the "OYiOfile measured througlhe
sensorized insolésolid blue line)and the force platform (dotted black line) in four
different steps.
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Figure 9. 0 "O'Yp@files of Subject #2. Red line is the left foot; blue line is thet rigbt.
(&) Average curve during slowon the leftpane) and normal (on the rightpane) speed
groundlevel walking (b) Comparison between the "O'Ypfile measured througkhe
sensorized insolésolid blue line)and the force platform (dotted black line) in four
different steps.

Table 2. Comparison between "O'Yc@lculated from the insole and forpatform data:
normalized rooimean square error (NRMSE), Pearson correlation coefficient, and standard
error in the estimation of the stance phase duration (namélyQ/o Yo ). Data
from slow and normalkpeed walking were grouped together. The last column reports the
total number of steps that were both recorded by one of the insoles and the force platform.

Pearson - o # of Recorded
NRMSE _ 1= y{' V47 [s
Correlation & FERA FIE Steps
Subject #1 54.25 +9.65 0.88 £0.03 0.03 +0.03 18
Subject #2 106.09 +16.22 0.89 £0.03 0.03 £0.02 27

5. Discussion
5.1 Wearabilityof theSystem

In all the tests that were carried out, overall the developed apparatus resulted to be effective
to perform gait analysis. In particular, the two subjects could easily wear the sensorized shoes anc
successfully walk: none of them reported any discomfornfwearing the shoes equipped with the
pressuresensitive insoles and walking for long periods. Furtherntbee placement of the electronic
box on the lateral side of each shoe enhanced comfort and prevented the subjects from wearing an
additional belt.



