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a b

Figure 3. Service unit before boxing the case (a) and after boxing the case (b)

Figure 4. Details a the totally wearable modified version of the wearable system
(odoscope and service unit) specifically designed for the clinical application
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1.3.1. Complete architecture of the system

Figure 5 shows the complete architecture of the two wearable systems:

1) the first architecture allows a partially wearable monitoring solution and has been
thought for the clinical applications designed in a definite volume of space (tapis-roulant;
cyclo-ergometer);

2) the second architecture allows a totally wearable solution, suitable, for example, in the
case of the home-daily-monitoring.

The principal differences between the two architectures are:

1) The power-supply in the totally wearable solution is based on 4 rechargeable (by three
extracell NI-MH rechargeable batteries with 3.6 V and a capacity Imax 160 mAxhour
batteries, while in the partially wearable solution is directly furnished and converted by
the domestic-net.

2) The connection to the PC is assured by two telemetric AUR°EL XTR-434H RX-TX
modules, while in the partially wearable-solution is assured by one cable-based DAQ-
PAD 6020E (National, USA) solution.

3) The case of the service unit in the totally wearable solution can be affixed at the belt-
level.

a) PARTIALLY-WEARABLE SOLUTION

12V Power
supply
PC
Odoscope Service DAQ-PAD 6020E
unit unit (A/D converter)

b) TOTALLY-WEARABLE SOLUTION

XTR-434H
(Aurcel, Italy)

XTR-434H

(Aurel, Italy) PC
Odoscope Service RX-TX
unit unit

Figure 5. Two completed alternative architectures of the wearable system
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1.4. Choice of the material at the interface

1.4.1. Desirable properties of the material

Particular care was dedicated to the choice of the material for the interface of the odoscope
with the skin.

It is fundamental to respect the following requirements to minimise the typical problems of
contact thermography:

1. The heat exchange, Q, between the skin and the external environment should not be
hampered. This quantity can be obtained by means of the Fourier law depending on a
wide range of aspects. It should last the entire clinical duration.

2. The gas/vapour exchange with the environment should not be hampered because it could
cause thermal dropping. This means that the permeability of oxygen and nitrogen (ASTM
D1434) and the permeability to the vapour (ASTM E96) should be adequate.

3. The material should not cause an allergic reaction. A composite mixture of elastomeric
materials designed for health care application (e.g., an orthopaedic prosthesis) should not
elicit an allergic reaction if it is to be introduced onto the market.

4. The heat exchange between the skin and the odoscope sensing head should be minimised.
In this case the device was made of Teflon. The package TO92 itself was non-conductive.

5. The material should be easily modelled.

A thermally modelled composite elastomeric mixture was acceptable for use.

Different materials were tested. We used an elastomeric composite that was 7x10~ m thick and
thermally modelled.

The support for the device can be rigid or flexible depending on the clinical application and
the skin area. It should be observed that the sponge modelled a channel-net, which surrounds
each sensor absorbing the sweat. This also avoided sweat flow across the array.

Each Im335 sensor occupies 73.4% of the pixel area, and the absorbing channel-net occupies
26.6% of the pixel area. The effect of this approximation allowed the entire pixel area to be
measured through interpolation. The approximation was globally estimated with all of the other
eITor sources.

1.4.2. Modification of the package at the interface

The Im335 package (TO-92) was further modified to minimise the skin-contact area and to
furnish geometrical references for interpolation algorithms.

The package was modified at the mechanical laboratory of the Department of Health and
Technology to obtain a conical shape at the contact extreme.

A Mod M2 Rosa (Italy) milling machine controlled by the 810 M Siemens computerised
system (Germany) was used. The manufacturing limit angle, 0, was equal to 14°. The actual
angle, a, used was 10°.

Figure 6 shows a micro-photography of the sensor Im335 before and after the modification.

Figure 7 exemplifies a representation of the sensor head with the modified package.
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Figure 6. The sensor Im335 before (a) and after (b) the modification

=

Sensor A) T0-92 Normal Sensor B) Conic profile angle a = 10°,
max angle limit © = 14°

Sponge
Sensor
Support

Figure 7. Sensor head and modified package
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1.4.3. Interface material

The material analysis was performed in order to optimize all of the necessary properties of
the interface material. Different orthopaedic materials have been unsuccessfully investigated.

In particular, three different elastomeric medical materials were compared from the same
manufacturer: Chlorosil ETR 85P11, ETR 85P21, ETR 85P31 (OTTO-Bock, Italy).

Each one was supplied in two parts (A and B), which can be mixed and thermally modelled.
They were based on copolymers of methyl-vinyl and dimethyl components of siloxane, which
contained a part of silicon for structure. These materials have been used for skin prosthesis
interfaces and contained all of the desirable properties of the ideal interface material previously
described. We chose the ETR 85P11 material. It had a lower amount of silicon in the mixture,
as shown in the ASTM D 2240 test. It had a lower value of hardness when compared to the ETR
85P53. The material ratio was 0.32. This parameter played an important role in the fixation of
the device to the skin area. The higher the hardness of the material, the greater the pressure
required for contact. The chosen material also showed better transpiration properties for gases
(nitrogen and oxygen) during the ASTM D1434 test (ratio=4). It also had better permeability to
vapour. In fact, the ASTM E96 (T=25°C) test showed a permeability greater than 70 g/m2/24h
while the ETR 85P31 showed a permeability on the order of 40 g/m2/24h.

Figure 8 shows the odoscope with the interface material modelled.

' Im335 l‘

Figure 8. Images of the odoscope after the material modelling
(the Im335 sensors are pointed out)
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2. TESTING

2.1. Design of a phantom for the bench testing

There is the need of the development of a dedicated phantom for dynamic bench testing of
the device. Equipment designed with this aim could be based on a thermostatic or a Black Body
(BB) object. A careful analysis of the market showed that the most frequently used systems are
represented by ovens, such as the challenge CH160 (Angelantoni, Italy). This was designed to
test and trace the thermal characteristic of commercial components. It showed a high level of
stability over long times and had been proven to be useful for static calibration and testing
thermal stability of a wearable device. The dynamic bench testing required a system capable
of highly precise and controllable thermal waveforms. The starting point was the use of a BB
model that changed the temperature according to the driving parameters. However, three main
problems arose:

1. A single BB should be large enough to cover the area of the device sensor head.
However, this made it very difficult to achieve uniform warming of the area and accurate
thermal waveforms to all the sensors of the sensor head.

2. A very accurate system should be used to monitor the thermal waveform generated in a
closed loop, real-time system. The monitored values should be used to correct the error
between the theoretical and the generated thermal waveform in each pixel area associated
with each Im335 component. The difficulty of obtaining this was evident.

3. The range of thermal variation available should be very high (21) to apply to the most
frequently used applications of interest.

The phantom was based on 16 small BB units designed with a 10* m thin layer of black
conductive gum. A precise vertex array for thermal measurements was used in closed loop
system to correct the error between the theoretical and the actual temperature produced in real
time. This methodology proved to be adequate for bench testing the device. The difference
between the generated and theoretical waveforms was never greater than an average of
0.85x107°C.

To overcome the three principal problems listed above, we considered that each pixel area
monitored by a Im335 component should be bench tested individually by means of a single and
properly designed BB. This meant that in the case of the device with 4x4 Im335, the phantom
should be composed of 16 independent channels imposing contemporary, but separate
temperatures to the 16 corresponding BBs. The BB could be resistive with a thin layer of black
conductive gum as well. The driving could be then represented by the current variation and
injection. This could solve the first problem previously listed. Owing to the thin layer, the
thermal variation was expected to be the same on both sides of the conductive gum. One side
could be used to induce the waveform. The other side could be monitored by an array of Precise
Vertex Thermometers (PVT). The use of the thin black-resistive conductive gum with the PVT
could then solve the second problem. Software procedures could be used to establish current
waveforms and produce the waveforms to permit warming of each resistance. The accuracy of
such generated waveform (third problem) was the core aim of this work.

Figure 9 describes the phantom in detail and the sensor head of the device. The core of the
phantom was the 16 BB units. They were made of a thin layer of black conductive gum with the
following characteristics: 30KQx10™m resistance, 25% force deflation (116 N), 125 kN/m’
tensile strength, 109% elongation, 10™* m thickness, and relative humidity of 50% at 72°C. Each
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BB unit was provided with two thin-foil (10° m) copper contacts and had an area of 1.5x107
m”. Each one of the units was laterally insulated with Chlorosil ETR 85P11 (OTTO-Bock,
Italy), a silicon-based material used in orthopaedics for its compatibility with CE certification.
This was also tested as sponge material for the device (6). Figure 9 also shows that the phantom
was designed to be positioned on the device for bench testing (1, 6). The BB units permit the
production of the thermal waveforms on the Im335 sensor via contact, which monitored each
sensor pixel. The other side of the conductive gum-based resistive layer was put into contact
with the PVT.

(a) PHANTOM
<4+— Element
of the vertex
array
Insulating < Thin copper
material —» pad

Thermal —
imposition

(b) SENSOR HEAD

Sponge —>
of Chlorosil
ETR 85P11

Lm335 sensor —»

Figure 9. Phantom, in detail (a), and sensor head (b) of the device

The signals from the PVT system were used to correct the error between the actual generated
waveforms and the theoretical waveforms. Figure 10 shows the adiabatic case with both the
phantom and the sensor head inside.

Figure 10. The adiabatic case with the phantom and sensor inside

11
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Figure 11 shows the flow chart of the phantom-based dynamic bench testing system.

PH e WE
A
' / '
i PC , g
i 1. Processing —> Cont'rol Measured :
E of the acquisition unit temperature i
é 2. Selection of the waveform :
i to be imposed !
: PROCESSING :

Figure 11. Flow chart of all of the equipment for the dynamic bench testing
of the wearable sensor (WE) using the phantom (PH)

The simulation environment, fully described in the study of Giansanti et al. (7), was used for
the optimization. It showed that if 5 (°C) was the mean difference, and if o (°C) was the actual
mean temperature, as assessed in ten consecutive samples by the IR system, the optimal value to
use for corrections should be:

y(°C) =+ (0.48+0.980 (°C) + 0.87 a1 (°C)?) x | § (°C)|
“+71if & (°C) <0; “- “if 5 (°C) >0.
The comparison between waveforms and current injections was performed with tuning
tables. These tables were obtained through several bench test recordings, which account for the
actual temperature produced as assessed by the PVT system, the correction value y(°C) and the

produced thermal waveform. Figure 12 shows the architecture of one warming unit channel of
the control.

en(k) —— ITen(t)

D/A |—*

L1 Imposed temperature
to the BB unit by means
of the tension
and then current modulation

PIC16F877

AT(K) ‘ ucC
>

SEL(K)

Figure 12. Architecture of a single channel for the control of the warming unit
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The inputs at the time sample K were the digital value of actual temperature AT(K) as
assessed by the PVT system, the selected waveform SEL(K), and the digital value of the
produced tension as related to the theoretical temperature ITen(K). The first two signals were
from the PC. The nP Pic PIC16F877 (Microchip, USA) was used for the communication with
the PC, the communication to the Tuning Table and the determination of the correction value
v(°C). All the digital signals were 8 bit. The uP allowed a differential quantization for
improving the content of information. The Tuning Table was implemented with a 4-GB
compact flash type Il memory card (Itachy, Japan).

2.1.1. Generated waveforms

The system designed for the bench testing allowed the generation of polynomial theoretical
cubic functions in the form:

fi= al £byx t(s) £cxt(s)2 £ dyxt(s)3

It was well known that a monotone increasing or decreasing function may be interpolated by
means of a spline interpolation, which uses cubic functions (22). Furthermore, the spline
interpolation proved to be an optimal solution for interpolating the human body’s physical
processes in Medical Engineering and Medical Physics (24-26). A body’s thermal process may
be divided into time segments individuating sequences of monotone increasing or decreasing
functions. The coefficients of the (5) to be produced for each one of the functions were
individualized by Matlab R12 spline-based interpolation (23). It was therefore possible to
completely reproduce the process.

2.2. Static bench test

The characteristics of the 16 channels were:
— cross-talk absent
non-linearity < +- 0.12% fs
— hysteresis < 0.09% fs
accuracy <0.3% fs

— overall resolution better than 0.03°C in the windows of interest

Through a controlled oven and one channel of the PVT, it was also possible to test the
stability of the measurement, which was proven to be better than 0.06°K / 6h in the range
determined during calibration. The absence of drifts and the feasibility the equipment for the
long time monitoring was shown.

2.3. Phantom-based bench test

Two families of functions produced by the 16 BB units of the phantom were chosen for
validation. The choice of these was made on the basis the thermal variation rate and the gradient
variation sign to be produced. For the first aspect, the produced waveforms were chosen
according to values in the literature. In particular, we took into account medical applications
designed with a large range of thermal variation of approximately 8°C / 15 min. The skin was
subjected to some unnatural factors (21). For the second aspect, we considered two couples of
waves. Each couple realised one increasing waveform starting from the lower value in the range

13
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(25°C), and one decreasing waveform starting from the higher value in the range (41°C). The
first couple of waveforms was linear and is described as:

fi(t) =a;p tbext +n(t) (0 <t<T))

fr (t) = ap.-brxt + no (1) (0 <t <T,)

where a; = 25°C, a, | =41°C nl_and (t) = ny (t) = 0.01°C are the random error terms. T, and
T, were fixed at 1800 s. b, was varied in the range +6.9x107% + + 7.1x107.
The second couple of waveforms was cubic and is described as:

fi.c ()= ar.c + bex t(s)+ coxt(s)+dext(s)’ + nc (8) (0 <t <T)

f.c ()= az.c - bex 1(s) - cext(s)” - dext(s)’ +ne (1) (0 <t<T)

where a;.c= 25°C, a,.c = 41°C, and n, (t) = 0.01°C are the random error terms. T, and T, were
fixed at 1800 s, bc was varied in the range +1.0x107 = + 1.03x107, ¢ was varied in the range
+3.9x10° + + 4.0x10°, and dc was varied in the range +3.3x1071° + +3.4x107"°.

Table 1 shows the performance of the dynamic bench test: mean value, maximum value and
the standard deviation of the error. These were obtained by comparing the generated waveforms
as measured by the PVT system and the theoretical waveforms. The four functions showed
similar performances with an error less than 0.98x102°C. The statistical significance was very
high as shown by Wilcoxon and ANOVA (Analysis Of Variance) (27).

Table 1. Performance of the phantom-based bench tests: mean value, maximum value
and standard deviation of the error, obtained by comparing the actual waveforms
as measured by the IR system and the theoretical waveforms

F(t) Maximal error ~ Mean error Standard deviation Significance Significance
°C °C °C (ANOVA) (Wilcoxon)
fiL 1.48x1072 0.94x10 0.32x107 p<0.35x10°. p<0.34x107.
fo 1.49x1072 0.95x10 0.33x107 p<0.35x10°. p<0.34x107.
fic 1.52x1072 0.97x107 0.35x107 p<0.38x10°. p<0.37x107.
foc 1.52x1072 0.98x107 0.34x107 p<0.38x10°. p<0.38x107.
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3. DESIGN OF THE CLINICAL VALIDATION

We followed a predefined thermographic protocol to test the system with 5 healthy subjects.
We focused on the temperature variation of the hand metacarpal area during physical exercise
(9). In fact, physical activity permitted measurement of very large variations.

3.1. Protocol

The Protocol of the medical validation was based on a motion task to performed using a
tapis-roulant according the following instructions:

— Task duration
The temperature variation was measured during 1.800 s of running on a commercial
tapis-roulant.

— Intensity of exercise
The intensity was tuned to 80% of the anaerobic threshold, as estimated by means of a
Polar (Polar, Finland) cardiofrequenzimeter.

— Number of trials
Each subject performed two batteries of trials (with the wearable system WE), and three
batteries of trials with the PVT on the same day.

— Number of subjects
Five subjects have been studied.

— Environmental characteristics
The environmental conditions were controlled with the temperature at 20°C and 58%
humidity.

3.2. Outcome from the clinical validation

Table 2 shows the outcome of the clinical validation. Results indicated that the difference
between the reference system (PVT) and the wearable system were very low if the area,
temperature or the single pixel area were taken into account. The difference between the two
was never greater than an average of 0.09°C.

Table 2. Tempeture error (°C) obtained from the comparison
between PVT (reference system) and wearable system)

Comparison Maximal value Mean Standard deviation
Pixel-to-Pixel 0.17 0.08 0.06
Area-to-Area 0.16 0.09 0.05

Figure 13 details the region of affixation according to the clinical protocol.
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. s '4_____-__ Integrated thermometer

| fy affixation area
1Y

Figure 13. Area of affixation according to the clinical protocol

3.2.1. Display of clinical data

A basic issue for a measurement device is the way of displaying data. For this specific
system three ways to display data in real-time have been implemented using LabVIEW
(National Instruments, USA):

— Model
It shows the 16 signals as functions of time (contemporary or alone) (Figure 14).
Be EGC Yew Brojct Cpeate Toos Window Hep
> EJ 17pt Daog Font._ |+ | (2=~ ][m- ] -] [5-] ] il
SIGNALS FROM SENSOR MATRIX
ACOUISTTION SETTING -4l .
{mmw ¢ . | .
= ;I e
- N |
S —— | =
Fa = [
- = I
¢ =
- N | - =
e | T =
= Tz
N
Fid -
s
e
B | Sttt i
.
Nii_
:ﬁ_
B3 % 1% 1o Mo Ho B0 Mo 400 48 o &5 &% 50 %0 T 8% 85 0
Tiet ()

Figure 14. Example of 16 channels data-display-interface
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— Mode 2
The second shows the parameters relevant to the pixel temperature (TPixel) and to the

area temperature (TArea).

— Mode 3
The third (considering that the wearable system is also an image transducer) is a two
dimensional colour-mapped display during the clinical application (Figure 15).

Fle Edit View Project Cperate Tools Window Help

i@l

INTENSITY MATRIX SENSORS MATRIX

i Tl |Ti2 [T13 T4 | A
T21 | T22 T23 T24 Generate Color Table
-39 T3l |73z 133 |T34
Ta1_[T42 [T43 [Te4 |+

&l Jicd
max vale  arithmetic Mean Recalculate Data

24 AL | [Eesy

i vale Standard Dev

4+

Set Back to Array.

31 [4.782
MMediar
31.8634 =%
0- - : : ] IMode
a 1 & 3 4 31.05

525

ti (s) tf (s)

FROM 1500 To 900

Figure 15. Example of the two-dimensional map of the interface

17



Rapporti 1STISAN 08/24

4. IN DEPTH ANALYSIS

4.1. Details on the device positioning

The sensor head can be developed with a rigid support or flexible one. The latter permits the
complete adaptation of the sensor head to a curvy and/or rough skin region. Furthermore, the
ETR 85P11 material had a low hardness, as shown by the ASTM D 2240 test. This also
simplified the positioning problems. The sensor head can be affixed with very low pressure,
which can be improved with an elastic bandage. The precise contact can be checked in real time.
An acoustic alarm switches on when problems occur.

4.2. Assuring aseptic conditions

The materials used in the sensing head were inert. Furthermore, the service unit did not have
UV erasable components.
Two solutions emerged during this preliminary analysis:
— The sensing head could be sterilised with UV radiation before each trial (a fluid-based
sterilisation treatment was also possible).
— The sensing head could be left with the patient for the entire period of therapy and
sterilised by the patient changing by means of the UV radiation.

4.3. Device certification

The device has been developed for our use and will not be destined for the free market. We
will produce only a few prototypes for our exclusive clinical research. However, we respected
the development requirements for the certification CE of Medical Devices (European directive
93/42/CEE on medical devices, actuated in Italy by means of the Italian legislative decree n. 46
dated 24-02-97) and ensured the patient was free from electrical shocks, free from incompatible
interaction between skin and the sensing-head, and guaranteed overall patient protection.

4.4. Device life, costs and maintenance

The sensor unit was a prototype. The estimated future cost of product production for one
exemplar is 450 Euros (Table 3).

To extend the life of the device we used components with military specific failure rates and
conducted an observation study of the critical components to complete large scale production. A
preliminary conservative stress-analysis study showed 18,000 hours of life for the sensor. We
also estimated that the cost of labour for the replacement of an integrated component with
Surface Montage Devices (SMD) package was less than 3 Euros. This was due to the very short
average time for substitution (10 minutes) thanks to the use of MANTIX VISOR (Vision
Engineering, USA), which is specific for SMD montage.
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Table 3. Cost of the system in details

Description Tipology N. Cost (Euro)
Microcontroller PIC Pic 16F877-04/pt (Microchip, USA) 1 15.44
Temperature sensors Im335 (national, USA) 16 16.32
Transmitter and receiver 8110-xtr (Aur®el, USA) 1 38.00
Development of the masters 1 50.00

in surface montage technology

Construction of the case 1 30.00
Silicon material at the interface 1 20.00
Power supply 1 4473
Montage 20 hours of work 1 200.00
Further electronic components - 35.00
Total 449.49
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5. DISCUSSION AND CONCLUSION

The system described permits the thermographic continuous monitoring and reconstruction
of the skin region to which it was affixed. Prior to this paper, the problem of dynamic thermal
continuous monitoring with contact technologies was offered by Bolton (3). The previous
solution permitted the contemporary thermal contact monitoring of different height points and
was intended for a specific medical application where it was necessary to monitor different body
points.

Our device was designed for the monitoring of a defined skin area. It permitted the
continuous thermographic monitoring with high precision, a complete colour mapping
reconstruction and minimisation of the typical problems of contact thermography. Furthermore,
the system can be furnished with a different sensor and number of pixels (16 to 256 pixels are
available) (4, 8). The measurement was direct and was not influenced by the environment,
which could happen for IR telethermography. The measurement was not hampered by the
geometry of the skin surface (curvatures, roughness) thanks to the flexible adaptation of the
sensing head to the surface. In the IR telethermography, curvatures generated aberrations in the
radiation. Furthermore, the prototype cost of production for one exemplar was 20 times lower
than the costs of an IR system with a same device-life. The device life was tested with a stress
analysis. The clinical test conducted on a percentage of healthy subjects using a PVT
comparison and by choosing an application in the range of the device showed the feasibility of
the developed device. In fact, the maximum difference between the calculated and real data, as
assessed and recorded by the two systems over the entire area, was lower than 0.16°C with a
standard deviation lower than 0.05°C. The greatest difference, as assessed per pixel, was lower
than 0.17°C with a standard deviation lower than 0.06°C. Considering the peculiarity of the
chosen clinical application (a wide range of thermal changes over a varying amount of time,
sweating, etc.), the system could be successfully used in for any application of skin
thermography (11-18), which was also detailed in the previous paper (8). Furthermore, the
measurement over long time periods could permit the recovery of the inheritance of some
studies conducted in chronobiology such as those described in (5-6).

The use of the device could permit the development of medical knowledge with protocols
utilising one side of the instrumental assessment for direct patient interaction. The other side
could be used for a comparison of the assessed data and expected data forecasted with suitable
bio-heat-equations that were properly designed and specific for the medical applications (8, 19,
20).

The spatial resolution depended on the use of the traditional package, TO92. To improve this
design parameter we can follow two directions. The first direction was the package reduction
and the use of the Surface Montage Technology. The second direction was the use of particular
procedures and interpolation algorithms. The investigation on package reduction did not furnish
results. In fact, the same manufacturer recently planned the production of the unpackaged die
and wafer version of the Im335 component with the identical data-sheet properties. The use of
the unpackaged die could improve the spatial resolution by a factor of 2* and 2*. Furthermore,
this unpackaged die could be easily positioned on the elastomeric material. The production of
the unpackaged Im335 die version was discontinued and could be justified only for large
industrial purchases, such as military ones. However, its use was feasible, attractive and gives
full justification to the current study.

Many manufacturers have yet to investigate the thermal non-contact technologies that use
interpolation procedures and algorithms. Skin thermal gradient variations between continuous
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areas are not easily calculated, and interpolation could be a solution. There are interesting
solutions such as the IRISYS (Milton, Keynes, UK), a no-contact thermal sensor, 16X16 output,
which can be interpolated by a software procedure to obtain a 128x128 pixel image.
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The Appendix contains the optimal calibration curve of the Im335, the conditioning chain with the
Sallen & Key filter, and the polarisation circuitry of the Im335 in the Celsius thermometer configuration.
A.1. Optimal calibrated curve of the sensor Im335

The component Im335 (National, USA) has little calibrated error in the range of interest of the human
body skin temperature. Figure A1 shows this error as a function of the temperature.
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Figure Al. Optimal calibrated curve of the Im335 in the temperature range of interest

A.2. Signal conditioning with the Sallen & Key cell

Figure A2 illustrates the Sallen & Key cell used as conditioning circuit. In order to obtain the
Butterworth approximation, Q=1/\2, Rb/R, was set at 0.6, the Gain G,=1+0.6, and G1=52.125.
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Figure A2. Sallen & Key cell with the optimized parameters
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A.3. Polarisation of the Im335 component

Figure A3 shows the complex polarisation circuitry for the Im335 component in the Celsius
thermometer configuration with a potentiometer and a trimmer.
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Figure A3. Polarisation of the Im335
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