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Abstract

The purpose of this study is to evaluate the ptessibe of four “FSA” thin and flexible resistivegssure
mapping systems, designed by Vista Medical (Wingipgdanitoba, Canada), for the measurement of
interface pressure exerted by lumbar belts ontdrthek. These sensors were originally designedHer

measurement of low pressure applied by medicalcdswn the skin.

Two types of tests were performed: standard megsotests such as linearity, hysteresis, repeatgbili
reproducibility and drift, and specific tests fdvigt application such as curvature, surface condigind

mapping system superposition.

The linear regression coefficient is between 0.86 8.98; hysteresis is between 6.29% and 9.41%.
Measurements are repeatable. The location, time apetator, measurement surface condition and
mapping system superposition have a statisticalyificant influence on the results. A stable measa
verified over the period defined in the calibratfmocedure, but unacceptable drift is observedadted.

The measurement stays suitable on a curved sudaea applied pressure above 50mmHg.

To conclude, the sensor has acceptable lineagstetresis and repeatability. Calibration must bepéet]
to avoid drift. Moreover, when comparing differeneasurements with this sensor the location, the,tim
the operator and the measurement surface conditionld not change; the mapping system must not be

superimposed.

Keywords

Pressure measurement, pressure mapping systencainaeiice, mechanical characterization, metrology
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I ntroduction

Low back pain is a major public health problem &veloped countries. In France, prevalence of low
back pain is higher than 50% [1]. Because of hegdite costs and sick leave [1-2], low back pain has
adverse consequences on both the social and ecorewel. Many treatments have been proposed.
However, no guidelines are proposed to practitignearticularly for chronicle evolution. Treatment
propositions and success depend on the patientardmgnt, on the aetiology and/or mechanical causes
of low back pain, on the evolution along the tinmel @lso on the physician's opinions. Lumbar beks a
frequently proposed to treat low back pain. Sevelialcal trials have shown their clinical effectivess

[3-4]. Nevertheless, both the mechanical and thesiplogical effects of lumbar belts remain unclear.

It is assumed that the main mechanical effect afiblar belts is the pressure applied on the trunk;
therefore it has been decided to investigate empmrially this pressure. In the medical field, poess

measurement is already used to evaluate devicefopaubto prevent bedsores [5-11], to measure the
interface pressure of compression stockings, cosspe bandages [12-18] and rigid orthosis [19-20].
Using pressure measurement to mechanically chaizetéumbar belts can be considered as new

approach.

Four types of interface pressure sensors exist:urpatic (Example: PicoPréss St Neots
Cambridgeshire, United Kingdom), electro-pneumgizample: Salzmarfh St. Gallen, Switzerland),
resistive (Example: Teksc&nBoston MA, USA) or capacitive (Example: X-Seri§o€algary Alberta,
Canada or Nov&| Munich Germany) sensors. Resistive or capacimsors may be assembled into a
structure that enables the pressure to be meaatisseral points simultaneously; this structurefien

called a pressure mapping system.

In this study, four identical FSApressure mapping systems were chosen and purcpéseal Medicaf,

Winnipeg Manitoba, Canada). They are composed sistree sensors, based on the piezoresistive
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properties of some materials. The resistivity afzpiresistive materials varies according to thee®rc
exerted on this material. Resistivity is proportibto the electrical resistance which is conveiitead
voltage. After calibration, measurement of voltagebles the interface pressure to be measured [21].
These pressure mapping systems were chosen beteysare thin and compliant, free from error of
measurement on curved surfaces, sensitive in degeatrange of pressure as low as 0-100mmHg (O-
13.3kPa), in accordance to in-vivo studies (freenftemperature or moisture effects, dynamic raride

Hz ) and give indications of pressure gradienta icontext of spatial variations of support stiffhesd
shape [22-24]. Compared to the capacitive sensessstive sensors have a lower drift and are less

expensive [25-26].

Aim of this study is to evaluate these four idesitipressure mapping systems, particularly in engiing

applications such as lumbar belts. This evaludasqrerformed by two types of tests:

- classical tests of metrology such as linearity,tdngsis, repeatability, reproducibility and

drift,

- specific test for the application developed in ttisdy, such as curvature, surface condition

and mapping system superposition.

The goal of classical tests is to determine th@@rdunctioning of sensors in their general usee gbal
of specific tests is to characterize the pressensas in case of interface pressure measurememntdre
the trunk and the lumbar belt. Actually, in thigsjfic type of measurement, surfaces are soft anded.

Moreover, the four pressure mapping systems maabélly superimposed during the measurement.
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M ethods

The FSA pressure mapping systems

Four mapping systems are needed to measure thagagressure all around the trunk. In this sttil,
mapping systems will be tested all together andcoimparison between them will be done. Pressure
mapping systems are composed of 12 by 32 pieztivessensors. Each sensor is a square with sides
measuring 7.9mm, separated by 4.2mm. The actiwiar@d2 by 142mm. The total size of the mapping
system is 482 by 242mm. Sensor calibration is peréa with the pressure range from 0 to 100mmHg.
During calibration, 50mmHg is measured for 60 selscio compensate the drift effect. The FSA pressure
mapping system is illustrated in Figure 1. The gues mapping systems are denoted below A, B, C and

D.

Classical tests of metrolod27]

Linearity test.For the linearity test, seven cylindrical steel gi#s were designed to apply pressure
between 6 and 96mmHg on one sensor. Weights wadenay applied in sensors 1, 2 and 3 (see Figure
1). Thirty measurements were carried out for eaaisar. The linear regression coefficient R2 between
applied and measured pressures, the dispersiotharstandard deviation, svere calculated. The linear
regression coefficient R2 is defined by the follog/iformula:

2 cov(P,P)?
- var(P)var(P;)

)
with P, the measured pressure value in mmHg anh@gpplied pressure value in mmHg.
The dispersion is defined as the difference betwhermaximum and the minimum pressure measured

for each applied pressure. The standard deviatiofh the measured pressure is defined by the foilgwi

formula:



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

1 j—
Sp = \/m i=1 (P = P)? @

with n, the size of the measured sample and Pmeesured pressure value for each applied pregsure i

mmHg.

Hysteresis tesfTwo types of hysteresis tests were performed: atehgsis test in only one sensor and an

hysteresis test in all sensors at the same tintleeofnapping system.

For the first test, the same weights as for thedliity test, were increasingly and decreasinghliegpmn
eight sensors. The position of these sensors iesepted in Figure 1. For the second test, pressure
mapping was placed on an air pocket and introdbeg¢deen two wooden planks. Figure 2 illustrates thi
experimental device. The air pocket was inflatedpply increasing then decreasing pressure betd@en

and 100mmHg to the mapping system.

Hysteresis is defined by the following formula:

Eh(%) =

Vd(x)—Y .
ey -rmesg] = mel, 109 (3)

l
with x;, the discrete values of applied pressure in mmyigthe measured pressure value during the
increasing phase corresponding to a givem>»xnmHg, and ythe measured pressure value during the

decreasing phase corresponding to a givém mmHg.

Repeatability testThe repeatability of experiments was assessed tgrpeng the first hysteresis test
three times. Repetitions were compared by stadisticalysis as explained in paragraph 2.4.
Reproducibility testThe reproducibility of time, location and operatevas tested. The first hysteresis
test was performed in two different rooms, by tviffedent operators and at two different times saped

by two months.
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A specific design of experiments was used to ev@oareproducibility (Table 1). In this design of
experiments, there are four independent factorsation, time, operators and weight applied to the
mapping system. The interactions between eachrfactoconsidered. The selected design of expersnent

is factorial and follows this polynomial model:
P = YiBixi+XijBijxix; (4)

with P, the measured pressure (mmHg)r B, the polynomial coefficients and ar x, the input factor

of the design of experiments.

Drift test. To determine if the pressure recorded changestower four weights corresponding to 26, 40,
52 and 80mmHg applied pressure were left on 1, 2,3 and 6 sensors (see Figure 1) for a duration

higher than that of the calibration to drift (30nmies).

For each case, the range of stored drift, as difinethe minimum and maximum pressures measured
during the testing, was determined. The relativesgpure variation was expressed by the following

formula:

Pm—Pq
AP, = % (5)

with AP, the relative pressure variatiaB,,the measured pressure afghe applied pressure.

Tests specific to the application

Curvature testAn experimental setup was developed to characteheeimpact of measurement on
curved surfaces. This experimental setup consisassupport on which it is possible to place cydirsdof
different radii. Radii used in this study were &0, 100 and 125mm. Pressure mapping systems were
placed on the cylinder. Pressure was applied orsorgge line of sensors using a 15mm band, at tide e

of which weights were hung on. This experimentaligés illustrated in Figure 3. Three lines werstéel
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for one mapping system. As results were similattiese three lines, just one line was tested fother
three pressure mapping systems. Six or seven @iffgaressures were applied per cylinder, per I a

per pressure mapping system.

For each applied pressure, cylinder and pressuppimg system, normalized pressure was calculated

according to the following formula:

(6)

with P,,the normalized pressurB,, the measured pressure dgdhe applied pressure.

Surface condition tesThe possible application of this system is to meashe interface pressure applied
by lumbar belts. Usually these belts are worn @aments (tee shirt, shirts, etc.). The surfacelitiom
of the measured zone is important. Two differemfasie conditions have been tested. Evaluation @f th

effect of the surface condition was done in twgeta

Firstly, a hysteresis test was performed with ang sensor and seven different medical fabricseglac
between the table and the mapping system. For fwloeatested fabrics, the pressure decrease was mor
than 50%. Therefore, these two fabrics were nosidened for the statistical analysis. For the ofher
fabrics, two statistical analyses were performele Tirst one was used to compare results with and
without fabric between the pressure mapping systedithe table. The second one was used to determine

if results are different depending on fabrics itesgbetween the table and the pressure mappingnsyst

Secondly, the hysteresis test was conducted withame sensor with weights surrounded by silicome a
with froth positioned between the table and the pihap system. Statistical analysis was done to
determine if there are statistical significant eiifinces between results for this test and forithetést of

hysteresis (test in one sensor). The linear regmeswefficient was calculated thanks to equation 1
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Mapping system superposition te$b determine the impact of two superimposed pressuapping
systems on the results, the first hysteresis test in one sensor) was performed in three seissacking

two mapping systems.

Statistical analysis was performed to determin¢hére are statistical significant differences betwe
results for the pressure mapping system “from abarel the pressure mapping system “from the
bottom”. Absolute differences between measuredspres with or without superposition were calculated

for each pressure mapping system.

Statistical analysis

Statistical analysis was used to determine diffegenbetween two or more than two distributions.
Depending on the number of data sets to compacetypes of statistical approach were used. A Jarque

Bera test was used to check whether or not dateh@athormal distribution.

To compare two sets of data, a Student t-test vgasl if they were distributed following a normal
distribution, and a Wilcoxon signed ranks if noheTstatistical analysis of two distributions waedifor
mapping system superposition and surface conditsts. Student t-test was also used for the lityeari

test to determine if the linear regression curetdpe is zero.

To compare more than two sets of data, an ANOVA used if they were all distributed following a
normal distribution, and a Kruskal-Wallis test tnlf needed, the post-hoc test of Tukey was used
find which of the data sets were different. Thdistizal analysis of more than two distributionsswesed

for repeatability and surface condition tests.

All the statistical tests were performed with &risto be equal or smaller than 5%.

Results

Classical tests of metrology
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Linearity. Linear regression coefficients and p-value of thed&nt’s test on slope=0 are given in Table 2.
The results are illustrated for one sensor of or@pping system in Figure 4. The linear regression
coefficient R is between 0.86 and 0.98 depending on the sensbiha mapping system. The maximum
dispersion and the maximum standard deviation & rteasured pressure are 18.9 and 9.60mmHg
respectively. Table 3 shows the results of maximdispersion and maximum standard deviation for
sensors with the best and the worst linearity.

Hysteresis.All results are given in Table 4. For the firsttted hysteresis (test in only one sensor),
hysteresis is between 0.228% and 27.9%. An exaofplesults for the second hysteresis test (teatlin
sensors of a pressure mapping system) is givengurd-5. For this test of hysteresis, the hysteresi
between 6.29% and 9.41%. All results are givenahl@ 5.

Repeatability. The Kruskal-Wallis test shows no difference (p-eale 0.88). Measurements are
repeatable.

Reproducibility. Table 6 indicates the polynomial coefficient of tagperimental design model and
probability that the factor;xhas at least a 95% chance of not significantlgdiiig the response to
pressure of the sensors. can be time, space, operators, weight or intemastifactors. The biggest
polynomial coefficient corresponds to the weightiuence and the smaller corresponds to the time
influence. Location, weight, time coupling with egatrs and time coupling with location have statit
influence to the measured pressure.

Drift. No significant drift was observable during the fir€d Seconds, i.e. the calibration time for drift.
After that period, three types of drift are obtaineneasured pressure increases during the first few
minutes and becomes stable, measured pressureasiesrduring the first few minutes and becomes
stable and measured pressure is stable over tilgereF6 represents these three typical results.afor

sensors, measured pressure becomes stable ands@&aatominal value after 800 seconds.

10
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Tests specific to the application

Curvature.Figure 7 shows results for the mapping pressureesy#. The results depend on the applied
pressure. When the applied pressure is less thenmb{y), the measured pressure is lower than the
applied pressure. Nevertheless, when the appliesspre is more than 50mmHg, the difference between
the applied pressure and the measured pressuigads. m

Surface conditionThe probabilities of there being at least a 95%nchahat results with and without
fabric between the pressure mapping system antbie are different for the five tested fabrics gireen

in Table 7. All fabrics have a statistically sigo#nt influence on the results.

The Kruskal-Wallis test is significant (p-valge0.001). The five fabrics are statistically sigeaitly
different. Only measured pressure for fabrics 1 2n8 and 4, and 3 and 5 do not have a statisticall

significant difference.

For the second surface condition test, the linegrassion coefficient Ris between 0.95 and 0.99,
depending on the sensor and the mapping systemeidgs is between 4.2% and 15%. For the third
surface condition test, the linear regression dtiefit R is between 0.92 and 0.98. Detailed results for

the second and third tests are presented in Table 8

Mapping system superpositioMapping system superposition results consist of whstributions:
measured pressure for the mapping systems “fronvedband for the mapping systems “from the

bottom”.

Results for the test of Wilcoxon signed rank, tonpare results for the mapping systems “from above”
and “from the bottom”, are given in Table 9. Tahl& indicates absolute differences between measured

pressures with or without superposition for eadspure mapping system.

11
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Discussion

In this study, four identical pressure mapping eyst were evaluated in term of linearity, hysteresis
reproducibility and drift. Some other evaluationsmbnstrated the efficacy of the pressure mapping
systems in the specific application of lumbar behsracterization. According to the results, pressu

mapping systems are suitable for this application.

We found that linearity is acceptable accordinghe linear regression coefficient R2 which is aleay
greater than 0.85. Pressure measured with sersafe/dys underestimated. The maximum deviation is
15.4mmHg. The hysteresis of the pressure mappistgisydepends on sensors. On the whole, hysteresis
is low between 6.29% and 9.41%. Measurements greatable. The reproducibility test shows the
influence of experimental location, time and operathe most influencing parameter is the location.
According to the drift test, the value remains kabthe measuring time remains lower than thédt dri

calibration time, but dramatically changes aftedvar

Thanks to our tests specific to the applicatiofs jpossible to conclude that curvature test resigpend

on the applied pressure. For applied pressure hiphe 50mmHg, measurement is the same as on a flat
surface. Nevertheless, for applied pressure lews #OmmHg, the measured pressure is lower than the
applied pressure. This can be explained by therewpatal device. It is supposed that the band stak

the cylinder when the applied pressure is too lod the pressure estimation from Laplace’s law i no
valid any more. Thus, no conclusions to the impdieturvature for low measured pressure can be drawn

from these results.

We also proved that the surface measurement hagndicant influence on the measured pressure.
However, there is no change in hysteresis and rilyeevhen pressure is measured between two soft

surfaces. In this case, hysteresis is between ar2¥d5% and the linear regression coefficient faveen

12
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0.92 and 0.98. Last, the superposition of two pressnapping systems can have a significant inflaenc

on the measurement.

Comparison of the FSA pressure mapping systenetottier resistive pressure mapping systems

Metrological results of other sensors have beelectid from the literature: Flexifor€d22], F-Socket
[25] and F-Scah[21] sensors from TekscanRincoe’s sensor [25] and Liick sensor [29]. Measent
error and hysteresis are summarized in Table 1dafouracy, FSA sensor is identical (Flexifofcd-
Sockef) or even better (Rincoe, Liick, F-S&than other pressure mapping systems. For hyigeres
performances of other resistive sensors are iddr(fidexiforc€) or lower (F-Sockét, Rincoe) than the
FSA® sensor. Measurement is repeatable for all resisténsors [22-23]. Other resistive sensors drift as
well: Flexiforce sensors' measurements increasdecrease with time [22] [26]; Rincoe SFS and F-
Socke? from Tekscafi sensors' measurements increase with time [21] [#% increase or decrease of
the measurement varies from 7.4% to 11.9% in tweniyutes [25]. According to the literature, the
curvature of the measurement surface has an iftyeior other resistive sensors than ESs&nsor on
the measurement regardless of the pressure rahgesensitivity of the Teksc8is Flexiforcé® sensor is
modified with radius of curvature [22]. For RincB&S and F-Socketsensors from Teksc8naccuracy
decreases, drift error increases and hysteresisnceease or decrease with radius of curvature. [R5]
data was found to compare the FS#ensor with other resistive sensors in term ofagypcibility, surface

condition and superposition of two pressure mappirggem.

Comparison of the FSA pressure mapping systenetoapacitive pressure mapping system

It is also possible, according to data from therditure, to compare the F&Aensors with other types of

pressure mapping systems for measuring interfagsspre: the X-Sengbcapacitive pressure mapping

13
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system [21, 28, 29] and NoVetlistributed sensors [23]. For linearity, the X-Sefi is linear [28] and
measures 75.1% of the applied pressure [21]. Theacitve sensor may demonstrate a worse
performance than FSA The maximum measurement error for X-Sefider65% of applied pressure or
27mmHg [29]. Novél's sensor demonstrates a superior performancénéar coefficient is 0.997 and
the measurement error is less than 1mmHg [23]. Bphacitive sensors have a greater hysteresis than
resistive sensors. For example, the X-Sehduysteresis is 14% [28]. Measurement with capagitiv
sensors is repeatable [23-24]. According to thét deist, measured pressure with capacitive sensors
increases with time [21] [26]. Concerning the scefacondition, capacitive sensors, X-Sefisand
Novel®, allow better or worse measurement on soft susfaepending on the thickness of these surfaces
[28]. No data was found to compare the E#&nsor with capacitive sensors in terms of repribdity,

curvature and superposition of two pressure mapgystems.

Considerations on the use of F%pressure mapping system for the clinical studyimbar belt

Based on these results, it is necessary to takeadotount some points to develop the experimental
protocol. First, to be accurate, measurement meistdme in the same place and preferably by the same
operator and in short time frame. It's easy to qanf measurement in the same place, but it's more
difficult, in a clinical field, to respect the twather points, because measurements is often dongobs
than one experimenter and it's difficult to findoeigh subjects in a short time frame. However, these
parameters have influence on the results with embglarameters. Secondly, drift result shows the
importance in the choice of the drift calibratioaripd, drift being uncontrolled if the measurinméi is
higher. Actually, during calibration, the centralwe of the calibration interval is measured fdleaible
period. Pressure mapping system was calibratausrstudy with a flexible period of 60 seconds, tingt
period can be increased to more than 800 secondwdiml drift. This solution permits to perform

dynamic measurements. Third, improving the cunetist is necessary before beginning the clinical

14
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study to ensure that the measurement of low presaill be accurate on curved surfaces. Fourthly,
surface condition having an influence on the rasygtessure measurements will be done between lumba
belts and a tee-shirt of the same composition floexperiments and all subjects. Whatever the serfa
condition, pressure measurement remains accuréenmof linearity and hysteresis. Finally, thegmare
mapping systems will be used to never overlap whieering the whole trunk. To overcome the
difficulty of this condition, measures will be takeide by side. All these conditions allow a sui#ab
measurement of pressure and to compare pressuliiedapp lumbar belt in term of lumbar belt’s types

and patient’'s morphology.

To conclude, the FSAsensor performance can be considered as bettenthar resistive sensors and
demonstrates an identical performance to the cepacsensor X-Sens®rwith lower hysteresis.
Nevertheless, the capacitive sensor Novel demdastea better performance than the ES&nsor, but
has a higher drift effect. FSAsensors can be a good choice for the future eliritudy developed to
measure the static pressure applied by the lumddaob the trunk, because this study will be donthe
same place, in a short time frame, with the sameradpr, with no overlapped mapping system and
between same types of surface. Indeed, the proeedkscribed earlier with FSApressure mapping
system still lacks of robustness for a routineicihpractice to evaluate pressure applied by lurbletts

prescribed to the low back pain patients.
Conclusion

In this study, four FSR pressure mapping systems were characterized rim aétinearity, hysteresis,
repeatability, reproducibility, drift, curvatureyrface condition and mapping system superposittomas
found that these pressure mapping systems arebkuifar our application: pressure measurement

between two soft surfaces, lumbar belt and the mutnank. Linearity, accuracy and hysteresis are

15
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adequate. Measurement is repeatable and suitabla fat surface. The curvature of the surface

measurement has no significant impact on the medsuressure.

However, it is necessary to take into account somsemmendations before performing measurements
with this FSA sensor. To compare the results of different expenis, measurement must be performed
in the same place, over a short timeframe, withstree operator. Calibration must be adapted taeptev
sensor drift. The measurements shall concern time $gpe of surface. Moreover, it is important toidv

overlap of pressure mapping systems.

Further study is needed to evaluate the performafdfde sensor on a curved surface when applied

pressure is lower than 50mmHg and also how theosdrehaves when temperature and humidity change.
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Table 1. Design of experiments to test the repridity of time, place and operators

Table 2. Results of linearity: linear regressiorftioient

Table 3. Results of linearity: dispersion and staddieviation for sensor 1 and mapping system C
Table 4: Results of hysteresis: test in only omesseper mapping system

Table 5. Results of hysteresis: test in all sengersnapping system

Table 6. Results of the design of experimentsdpraducibility. t: time, o: operators, I: locatioa,
weight

Table 7. Results of surface condition: 95% prolighilf a significant difference between measured
pressure with and without fabric between the presmapping system and the table are differenttfer t
five tested fabrics

Table 8. Results of surface condition: linear regi@en coefficient for the second and third surface
condition tests

Table 9. Results of mapping system superpositibft frobability of a significant difference between
the mapping system “from above” and “from the bito

Table 10. Results of mapping system superpositibaolute differences between measured pressures

with or without superposition for each pressure piag system
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Figure captions

Figure 1. FSA Pressure mapping system

Figure 2. Experimental device for the second hesisrtest

Figure 3. Experimental device for curvature test

Figure 4. Results of linearity: measured pressepmedding on applied pressure for the sensor leof th
pressure mapping system A

Figure 5: Results of the second hysteresis testtiieall sensors of a pressure mapping systengnme
measured pressure depending on applied pressumafmping system A

Figure 6. Results of drift; a. drift for 26mmHg dippl pressure for mapping system A in the sensbr 1,
drift for 40mmHg applied pressure for mapping syste in the sensor 1, c. drift for 26mmHg applied
pressure for mapping system D in the sensor 3

Figure 7. Results of curvature: normalized measpredsure depending on applied pressure and raflius

cylinders Rc for mapping system A
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453
454

Table 1. Design of experiments to test the repridity of time, place and operators

Time Operators Location Weight

Experiments -1:10 -1: operator A -1: place A -1: 53mmHg

+1:t0 + 2 months +1: operator B +1: place B +1: 79mmHg
1 -1 -1 -1 -1
2 +1 -1 -1 -1
3 -1 +1 -1 -1
4 +1 +1 -1 -1
5 -1 -1 +1 -1
6 +1 -1 +1 -1
7 -1 +1 +1 -1
8 +1 +1 +1 -1
9 -1 -1 -1 +1
10 +1 -1 -1 +1
11 -1 +1 -1 +1
12 +1 +1 -1 +1
13 -1 -1 +1 +1
14 +1 -1 +1 +1
15 -1 +1 +1 +1
16 +1 +1 +1 +1
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456

Table 2. Results of linearity: linear regressiorftioient and p-value of the Student’s t-test ayps=0

Mapping
system A B C D
Sensor
R2=0.978 R2=0.962 R? =0.982 R2 =0.967
1 p=47e6 p = 8.8e-6 D=26e-8 p=21e5
R2=0.961 R2 =0.954 R? =0.936 R2 =0.967
2 p =8.1e-5 p =1.0e-4 p=2.3e4 p = 2.5e-5
R2=0.972 R2=0.951 Rz = 0.964 R2 = 0.862
3 p =4.3e-7 p =3.9e-5 p = 3.5e-7 p =9.0e-4
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459
460

Table 3. Results of linearity: Dispersion and stadddeviation for sensors with the best and thestvor

linearity.
Sensors Applied pressure (mmHg) Dispersion (mmHg) tandard deviation
6.4 0 0
13 1.74 0.641
With the best linearity: 26 3.32 2.35
sensor 1, mapping 39 2.97 1.54
system C 53 3.99 1.97
79 9.05 3.22
96 15.6 6.30
6.4 0 0
13 0.103 0.0201
With the worst linearity: 26 0.120 0.0320
sensor 3, mapping 39 1.01 0.376
system C 53 1.74 0.775
79 4.35 1.97
96 5.52 3.08

25




461  Table 4: Results of hysteresis: test in only omesseper mapping system

Mappin
pping A B
system

Hysteresis |, 5 5116 97.634.5811.947.8416.110.13.51]6.3811.70.228|18.315.727.949.20
Eh (%)

Mapping c b
system

Hysteresis | 3 9914 537.132.805.263.159.932.706.52(3.153.66 3.63 | 2.213.9910.57.20
Eh (%)
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Table 5. Results of hysteresis: test in all sengeramapping system

Mapping system

A

B

Hysteresis Eh (%)

9.41

7.87

7.58

6.29
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Table 6. Results of the design of experimentsdpraducibility. t: time, o: operators, I: locatioa,

weight
Polynomial coefficient Value Probability

67.76 0
Po

0.28 0.70
B

1.47 0.054
Po

2.08 0.0080
B

19.19 0
Buw

1.94 0.0013
Bto

-3.84 0
Pu

-0.17 0.82
Btw

0.66 0.38
Bol

1.24 0.10
Bow

-0.73 0.33
Btw
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474

Table 7. Results of surface condition: p_valuehefdtatistical test to determine the statistically

significant differences between measured pressitheand without fabric between the pressure mapping

system and the table.

Fabric

1

2.97e*

3.366'

3.776Y

2.48¢*

8.17¢”
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477

Table 8. Results of surface condition: linear regien coefficient for the second and third surface

condition tests

Sensors 1 2 > !
Second surface 0.97 0.95 0.97 0.99
condition test
Third surface 0.92 0.93 0.98 0.95

condition test
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479

480

Table 9. Results of mapping system superpositiorajue of the statistical test to determine the

statistically significant differences between maygpsystem “from above” and “from the bottom”

Sensors

1

2

3

Between mapping

system A: “from above

and mapping system B}

“from the bottom”

0.010

0.43

0.038

Between mapping

system C: “from above’

and mapping system Dy

“from the bottom”

0.0041

0.015

0.0058
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481  Table 10. Results of mapping system superpositibsolute differences between measured pressures

482  with or without superposition for each pressure pirag system in mmHg

Mapping system A B C D
Sensor 1 10.3 14.6 3.94 4.16
Sensor 2 14.0 12.5 2.97 2.48
Sensor 3 9.32 23.0 9.64 2.75
483
484
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485  Table 11. Comparison between the studied pressappimg system and other commercial systems based

486  on literature survey: resistive pressure mappirsesys.

i Tekscan's Tekscan's F-| Tekscan’s
Mapping FSA ] Rincoe Lick
system Flexiforce Socket F-Scan
reference - [22] [25] [21] [25] [29]
[5.62%,
Measurement| ;5 o, 8.5+7.2% 247% | 24.7+19.02% |  -33%
error 26.3%]
(6.29%,
- 5.4+2.5% 41.9+15% - 15.1+8% -
Hysteresis 9.41%]

487
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489

Figure 1. FSA Pressure mapping system
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490 Figure 2. Experimental device for the second hgsisrtest: (a) All elements of the experimentaliceyv

491 (b) Device in used, with one pressure mapping systside

Air pump Air pocket Manometer  Support

492
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494

Figure 3. Experimental device for curvature test

Pressure

mapping
system
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495 Figure 4. Results of linearity: measured pressepedding on applied pressure for the sensor leof th

496 pressure mapping system C
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498 Figure 5: Results of the second hysteresis testifteall sensors of a pressure mapping systengnme

499 measured pressure depending on applied pressumafiping system A
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501

502

503

504

Figure 6. Results of drift: (a) drift for 26mmHgmied pressure for mapping system A in the sensor 1

(b) drift for 40mmHg applied pressure for mappiggtem C in the sensor 1, (c¢) drift for 26mmHg

applied pressure for mapping system D in the se®isor
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505 Figure 7. Results of curvature: normalized measpredsure depending on applied pressure and raflius

506 cylinders Rc for mapping system A
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