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Abstract

Introduction

Each year, many people die due to non-natural causes of death, such as accidents, suicide, and murder
and manslaughter. In these cases it is often necessary to investigate the cause, manner and time of
death, which are investigated by forensic pathologists and the Police. To determine the time of death,
the post mortem interval (PMI), the time passed shortly after death, should then be determined.

Wilk et al. (2020) developed a new method to determine the early PMI (3 — 72 hours). An input
parameter in this method is the Thermal Conductivity Coefficient (k-value) of the textile layers
surrounding the deceased. A method to determine the k-value of textile layers at, or around, a crime
scene is needed. Therefore, this study aimed to design and develop a Thermal Conductivity (TC)
measurement device for textile layers at a crime scene.

Method
A functional decomposition chart of the device and a morphologic overview were created to design a
suitable concept which was used for further development of the final prototype. SolidWorks was used
to perform heat transfer simulations that were required to make the right design decisions and
subsequently a final design and prototype were developed.

Tests were performed to assess the performance of the prototype in terms of device configuration,
accuracy, precision and measurement time. Furthermore, the effects of moisture content of the sample
and sample compression during measurement on the calculated k-value were investigated.

Results

A Guarded Hot Plate (GHP) based prototype was developed: Therminus-K2. This prototype was
equipped with a back heater and four guard heaters to ensure one dimensional heat flow from the main
heater through the sample towards the cold plate to eliminate other heat flows.

Therminus-K2 obtains a precision of < 5% in TC measurements within 30 minutes. A steady-state
measurement is achieved within a maximum of 7 minutes.

Increasing the moisture content (2 states: dried and wetted) in the sample resulted in an increase in
determined k-value (205 — 415 %). However, the uncertainty in sample thickness measurement was
high (up to 16.7%) and complicated measurement of the sample compression effect on determined k-
values.

Discussion and Conclusion

Therminus-K2 delivers precise and fast TC measurements of textile samples: impressive results
considering the simple components that were used. The future development of Therminus-K2 should
focus on improving sample thickness measurement and improve user friendliness in order to make the
device suitable to use in PMI estimation at actual crime scenes.



Nomenclature

Abbreviations

PMI Post Mortem Interval

Csl Crime Scene Investigation

TC Thermal Conductivity

GHP Guarded Hot Plate

GH Guard Heater

BH Back Heater

CMR Conduction Measurement Region

SS Steady-State

PWM Pulse Width Modulation

NTC Negative Temperature Coefficient

PID Proportional Integral Derivative

MOSFET Metal-Oxide—Semiconductor Field-Effect Transistor
EMI Electro Magnetic Interference

Materials

PC Polycarbonate

NY6 Nylon 6 (Polyamide 6)

CO Cotton

PES Polyester

PAN Acrylic

Symbols

k [%] Thermal Conductivity Coefficient (often referred to as k-value)
dT or AT [°C] Temperature Difference between the plates
Q [Watt] Power to the main heater

A [m?] Measuring Area

L [m] Sample Thickness

R K Thermal Resistance
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1. INTRODUCTION

1.1 Time of Death Estimation and Problem in Thermal Conductivity
Determination

The Post Mortem Interval

In 2020, 168.678 people died in the Netherlands, of which 9.030 died due to non-natural causes of
death, such as accidents (6.433, of which 633 in transport), suicide (1.823) and, murder and
manslaughter (107) [1]. The mortal remains that are found in these cases are investigated by forensic
pathologists, the Dutch Police and sometimes by the Netherlands Forensic Institute. The reason,
manner and time of death are often unknown and should thus be investigated.

For this investigation, an estimation of the post mortem interval (PMI), the time passed after
death, is important as it helps to determine the actual time of death. An estimation of the PMI assists in
death investigation by drafting a temporal reconstruction of the events. A narrowed time frame of PMI
estimations could help the Police in proceeding with their investigations with more focus, making the
investigations more efficient [2]. For this purpose, it would be most beneficial to determine the PMI as
early as possible at the crime scene.

The PMI is categorized into an immediate (0 — 3 hours), early (3 — 72 hours) and late (> 72 hours)
phase [3]. The PMI estimation is easily done within the immediate phase, as the body undergoes rapid
physiological and biochemical changes are particularly detectable in the eyes and the skin. In the
subsequent early phase, estimation of the PMI is not so evident. However, the mortal remains are still
cooling down and measurements can be performed to estimate the PMI. After this period the late PMI
phase is entered, in which the body has substantially cooled down, starts disintegrating and undergoes
decomposition. In the late phase, no proper measurements to estimate the PMI can be performed.

Methods for early Post Mortem Interval Estimation

Currently, the early PMI is primarily determined via the Henssge method [4]. However, this method is
not very precise, having a maximum error of the PMI estimation of +/- 7 hours (tested on 53 bodies,
maximum true PMI: 75 hours) [5]. The method, used as a nomogram, only includes one correction
factor for cooling conditions deviating from the standard (unclothed, uncovered, still air) [4].
However, factors to correct for differences in environment or posture conditions are lacking.

Therefore, Wilk et al. (2020) developed a new method to determine the early PMI that utilizes a
thermodynamic finite-difference model, called PHOEBE, combined with skin thermometry [6]. The
PHOEBE model, while still being in its development stage, already shows great promises. 83.3 % of
the reconstructed PMIs deviated less than +/- 1 hour from their equivalent real PMIs, tested on 4
bodies (total of 80 data points) with true PMIs ranging from 5 — 50 hours [6]. This method could
therefore help in a better early PMI determination, compared to the golden standard’s Henssge
method.

One of the input parameters in the PHOEBE model is the thermal conductivity coefficient (k-
value) of textile layers surrounding the deceased. Thermal conductivity (TC) indicates the ability of a
material to conduct heat; a lower k-value means better insulation. Thermal clothing insulation around
a human body reduces the heat transfer (the thermal energy transfer between two objects due to a
temperature difference) between the body and the environment. Therefore, the k-value of these textile
layer is an important input parameter in the PHOEBE model. To determine the PMI as soon as
possible and continue the forensic investigation with an accurately estimated PMI, the k-value of the
textile layers should be determined directly at the crime scene, where the mortal remains are.

Determination of Thermal Conductivity of Textile Layers

TC of textile layers could either be estimated, or determined through measurement. The k-value could
be estimated based on the material composition of clothing, as indicated in its garment label. This
however might not give the most reliable results for insulating fabrics, as it excludes the effect of
factors like fabric thickness, moisture and compression on TC of clothing [7]. Furthermore, non-
adjustable intrinsic fabric parameters, such as microstructure, density, (fibre) composition, layering,



long-time wear, and weaving pattern of the sample may also affect TC [8]. In addition to that, pre-
processing techniques (e.g. coatings, spraying and nano-soldering) affect TC of textile layers [9-14].
Therefore, it is desirable to determine the k-value of textile layers through measurement instead of
estimating it.

Existing TC measurement systems, like the A-Meter EP500e (Lambda-MefRtechnik, Dresden,
Germany), the HFM-100 Heat Flow Meter (Thermtest Inc., Fredericton, Canada), the TPS 3500 (Hot
Disk, Goteborg, Sweden) and the Trident (C-Therm Technologies Ltd., Fredericton, Canada) seem not
to be fit for use at a crime scene [15-19]. The main problem is that these systems are too large and
complex to move to a crime scene, as these systems are generally fabricated to test ‘large’ samples of
building insulation materials. Besides this, existing devices are rather expensive (£ €40.000,-), which
makes them unsuitable for broad use by the Police.

Therefore, a new TC measurement device is needed for on-site TC determination of the textile
layers found on mortal remains. Previous studies by the BioMedical Engineering Department (Delft,
University of Technology) resulted in the basis of the development of a Guarded Hot Plate (GHP)
based measurement device. In a series of student assignments [20-25], a first prototype has been
developed, called Therminus-K1 (Project name (Therminus) -Variable (k) -Version (1)) (Figure 1)
[24]. However, this prototype is still only a proof of principle, having the following limitations [25]:

Low accuracy
Low precision
Fragile
Difficult to use

Figure 1. Therminus-K1 SolidWorks drawing: A concept for measuring TC of textile, adapted from [24].

The low accuracy and precision in Therminus-K1 are likely to be attributed to:
e Parasitic heat flows (generated heat that does not flow through the sample, but in lateral or
backward directions),
e Incomplete system coding, and
e Afragile and limited electronics configuration.

However, even though the device does not yet meet the design requirements, the feasibility and
operation of the concept have been demonstrated and remain very promising. Therefore, it is aimed to
improve Therminus-K1 to a new, more precise, compact and user-friendly prototype.



1.2 A Thermal Conductivity Measurement Device

1.2.1 Design Objectives

In improving Therminus-K1 to a new prototype, hereinafter referred to as Therminus-K2, first the
major limitations of Therminus-K1 should be solved. Therefore, the main focus of this design study
lies in improving the performance of the device in terms of accuracy and precision. This is needed in
order to use the TC measurement results in PMI estimation and eventually in court. Besides this, its
final application in forensic practice is considered throughout the processes in this design study. The
TC measurement device should be used by forensic investigators during crime scene investigation
(CSI) processes, in which the device and its use should be easily incorporated. The measurements
shouldn’t take long or interfere with CSI workflows and the results should be usable as an input in the
PHOEBE model.

Intended use: measuring TC of textile samples at a crime scene.

Intended user: forensic investigators (Netherlands Forensic Institute) and/or forensic investigation
Police employees.

1.2.2 Design Requirements

A list of design requirements for Therminus-K2 was compiled based on discussions with the Dutch
Police (dep. Forensic Investigation), the Netherlands Forensic Institute (dep. Crime Scene
Investigation), the Amsterdam Medical Centre (PHOEBE development team) and the TU Delft (dep.
BioMedical Engineering). Several expert sessions were held with the intended users and the
developers of the PHOEBE model to quantify the requirements. Later, the requirements were specified
according to literature values, NEN/ISO norms and insights from the previously conducted literature
study about factors affecting TC measurement of textile layers [7]. The list of design requirements is
provided in Table 1.

Requirement 1

In studies investigating TC of clothing samples, k-values at standard conditions (x 23 °C, ~ 40 %
humidity) ranged from 0.057 to 0.52 W/mK [24]. In conditions which increased apparent k-values
these ranged from 0.022 — 0.7 W/mK, due to amongst others an increased moisture content [7, 26-48].
Layers surrounding the deceased with k-values above 0.7 W/mK don’t affect PMI determination, as
investigated by Dessing (2018) [21]. Therefore, the device should at least be able to identify k-values
of clothing under standard conditions (0.057 to 0.52 W/mK) and should ideally also be able to
determine k-values over the range from 0.022 to 0.7 W/mK.

Requirement 2

The device should at least be able to measure textile samples with thicknesses from 0.44 — 28 mm, as
99.73 % of clothing pieces has thicknesses within this range [24]. Ideally, the device could measure a
wider range of textile layer thicknesses. This is as during forensic investigations even thicker textile
layers may be found, according to 5 interviewed forensic investigation coordinators (FOCO Den
Haag, Rotterdam, Amsterdam, Limburg and Noord-Nederland).

Requirements 3 and 4

The device should be able to obtain TC measurement results with high accuracy (< 8 %) and high
precision (<5 %). This is needed to minimize the error in PMI estimation by the PHOEBE model to <
3%, which is required to use the final PMI estimation in court. The accuracy is defined as the error of
the measurement, the difference between the measured k-value and the exact k-value, as a percentage
of the measured k-value. The precision, the repeatability of the measurement, is defined as the
standard deviation of the k-values over repeated measurements (n = 5) as a percentage of the average
k-value over these measurements.



Requirement 5

Forensic investigation coordinators highly prefer keeping the textile samples used for TC
measurement intact, to be able to use them in further investigations (e.g. for DNA). If, however, a
sample is to be cut from the clothing, maximum sample dimensions of 100 by 100 mm are accepted.
Additionally, the cut clothing sample should not be destroyed, as it is a piece of evidence in the
investigation and in the PMI estimation.

Requirements 6, 7 and 8

The TC measurement should be done by an autonomous device, that is capable of operating by itself,
without direct human control. The operator just starts and ends the measurement. The time to set up
the device before measurement should be less than 5 minutes, to minimally interrupt the further CSI
process (Requirement 6). The measurement time should at least be less than 90 minutes and ideally
less than 30 minutes, as requested by forensic investigation coordinators (Requirement 7).
Furthermore, the device must be reusable over time with low maintenance (Requirement 8).

Requirement 9

It is important to prevent cross-contamination (e.g. of DNA) between tested textile samples. Especially
when measured samples are used for further investigation after TC determination, decontamination of
the measurement device to avoid cross-contamination is essential. Besides this, the device should be
cleanable to ensure proper measurements as left-over material from one sample could influence the
measurement results of the following.

Requirements 10, 11, 12 and 13

External influences of wind, water, changing environment temperatures and thermal radiation affect
TC measurement [7]. Therefore, shielding of the measurement is needed to prevent this (Requirement
10). Shielding should be done in a way that enables performing measurements both in the lab and at,
or around a crime scene. Performing measurement at these different locations requires different power
supplies. Therefore, the device should at least allow powering by a common wall outlet and should
ideally allow powering by either batteries or power outlets available in a Police car or forensic
investigation van (Requirement 11).

The encased device should be robust since it will be used in different types of environments
during hectic CSI processes (Requirement 12). The device should be able to handle transport between
crime scenes and Police offices. In addition to this, the device should have dimensions allowing for
transport in a Police van (Requirement 13).

Requirements 14, 15 and 16

Communication of the results of the TC measurement should be fit for use in the PHOEBE model
(Requirement 14). Furthermore, operating the device should be intuitive (Requirement 15).
Otherwise, the intended users of the device won’t use it or would use it incorrectly.

Requirement 16 is added as staying below the European tender limit simplifies the purchase of
new devices for Police units. The Dutch Police has a total of 11 Police units throughout the country,
with on average 10 forensic investigation vans each. As each van would need one TC measurement
device, the maximum costs per device would be €1.945,-.

In this thesis, the focus lies on the performance requirements of the device and the wish to make a
device with simple solutions. One first needs a well-performing device before further developing it in
terms of the requirements for physical parameters, user interface parameters and costs. These
requirements had lower priority for now.



Table 1. Design requirements for the Therminus-K2 TC measurement device.
The requirements were organised into the categories: performance parameters, physical parameters, user interface and others.
For each requirement, minimal and target terms were listed and the reasons for the specific requirements were shortly
explained. When minimal and target values of a requirement were equal, cells were merged.

Mind: the requirements within a category were not ordered on importance.

' Requirement

Performance parameters

' Minimal

Target

' Reason

1 Range of k-values 0.057 — 0.52 W/mK 0.022 - 0.7 W/mK K-values in this range should

able to measure [24] [26, 27, 37] be measured and identified.

2 Range of sample 0.44 — 28 mm [24] 0.17 - 150 mm Minimal values cover

thicknesses able to 99.73% of clothing pieces.
measure Target values as found during
CSI processes.
3 Accuracy error of <8 % [21, 24] <3 % [21] Results need to be used in
TC measurement court later
4 Precision error of <5% [21] <1%[21] Results need to be used in
TC measurement court later
5 Sample dimensions | 100 x 100 mm? Keep textile intact Textile should preferably be
needed for kept intact. If the textile does
measurement need to be cut, a small
sample is accepted.

6 Setup time < 5 minutes Minimal interference with
CSI process.

7 Measurement time | <90 minutes < 30 minutes [21] Minimal interference with
CSI process, assuming an
autonomous device.

8 Lifetime without > 3 months > 12 months Low maintenance is

recalibration requested.

Physical parameters

9 Decontamination The device should allow frequent (up to 5 Cross-contamination (e.g. of

times a day) cleaning with agents based on DNA) between crime scenes

alcohol and with RNA purification products must be prevented and proper

and should otherwise be partly disposable. measurements should be
ensured.

10 | Shielding The measurements should be performed in an Measurements should not be

environment without external influences from affected by external
wind, water, changing temperatures (max + influences.
5°C) or thermal radiation.
11 Power supply The device should The device should Ideally, the device should
allow powering by a allow powering by enable performing
common 230V-16A either batteries and/or | measurements at, or around
AC wall outlet. a 12V-10A DC (car) the crime scene.
outlet as well as by a
230 V-16A DC (CS
van).
12 Robustness The encased device should meet the test for The device will be used in
rough handling shocks (NEN-EN-IEC 60069- different types of
2-31:2008) and (non)repetitive shocks (NEN- environment during hectic
EN-IEC 60068-2-27:2008) [49, 50]. CSI processes.
13 Mobility Dimensions < Dimensions < To allow for transport of the
330x330x330 mm and | 250x250x250 mm and | device to a crime scene.
weight < 8 kg [21]. weight <2 kg [21].
User interface
14 Results The device should deliver both a file with the It should be possible to use

communication

outcome*.

raw measurement data and a PDF with a
description of the measurement and its

the results of the TC
measurements in the
PHOEBE model.




Requirement " Minimal Target ' Reason

15 | Simplicity The device should be intuitive and fit to use for | Operating the device should
forensic investigators and/or forensic be intuitive, otherwise it will
investigation Police employees. either not be used or it will be

used in the wrong way.

Others

16 | Costs per device < 1.945 euros Staying below the European

tender limit of €214.000,-
simplifies the purchase of
new devices by the Police.

*: The outcome of the measurement should at least contain determined k-value [W/mK], sample thickness [mm] and time
duration in which a steady state measurement was established [minutes].

Combining all requirements resulted in the following design goal:

Design, develop and test a fast (< 90 minutes), accurate (< 8 %) and precise (< 5%) measurement

device that can determine the thermal conductivity coefficient of textile layers at, or around a
crime scene and deliver measurements fit for use in the PHOEBE model.




2. PRINCIPLES OF THERMAL CONDUCTIVITY
MEASUREMENT OF TEXTILE

2.1 Measurement principle

Heat conduction through a volume of a material driven by a temperature gradient, results in a linear
temperature distribution across the material when the system reaches a steady state (Figure 2). In a
steady state system with one dimensional heat flow, the k-value of the material can be determined via
the formula
QL
A% AT

W/mK] (1)

Q [W] is the rate of heat flow through the material,
e L [m] is the material’s thickness,
A [m?] is the measured surface area, and
e AT [°C] is the temperature dh:ference between the face at x = 0 [m] and x = L [m].

N
Area A
TL
T(x)
T
Q o}
g ——P
> x

L
Figure 2. One-dimensional heat transfer across a plane wall
by conduction, showing the temperature distribution, adapted from [7].

The often-used guarded hot plate (GHP) method is chosen as the base technique to use to determine
TC of textile layers at a crime scene, for two reasons; First of all, the GHP method is denoted by the
American Society for Testing and Materials (ASTM) as the most accurate TC measurement method
for textile and indeed appears to be the most used and most often reported method in literature [28-33,
35, 51-59]. It is the only absolute method for steady state TC measurement of homogeneous materials
that can achieve an overall measurement uncertainty below 2% [60]. Secondly, the GHP method,
being a steady state method, is based on simple physics and requires straightforward signal processing.
This results in simpler manufacturing and maintenance which is favourable compared to the more
complex transient state methods.

In the GHP method a steady state temperature difference is generated over a sample material. This
generally is realized via a hot plate on one side of the sample, acting as a heater, and a cold plate on
the other side of the sample, acting as a cooler. The plates are controlled to maintain specific
temperatures. The electrical power needed to heat the hot plate indicates the heat flow rate through the
sample. The sample thickness and the surface area should be determined and resultingly the k-value of



the sample material is determined through Equation 1. A simplified scheme of the principle of the
GHP method is provided in Figure 3.

ey
™
Hot plate
L I Sample 0O
Cold plate TT2 \ 4

Insulation

Figure 3. Schematic general GHP method for TC measurement of flat samples, adapted from [7].
Ti1and T2: indicating temperature measurement; L: sample thickness; Q : heat flow per unit area; A:horizontal area hot plate =
horizontal area sample = horizontal area cold plate [7]

In order to use Equation 1 to determine a sample material’s k-value, a uniform one directional and
steady state heat flow should be established through a flat homogeneous sample sandwiched between
two isothermal plates. The electrical power delivered to the hot plate only corresponds to the heat flow
through the sample if all produced heat actually only flows through the sample in a straight line.
Therefore, in the design of a TC measurement device, parasitic heat flows should be eliminated: heat
flow in backward and lateral direction on the edges of the hot plate.

Besides this, the hot and cold plates require adequate temperature control and should achieve and
maintain a uniform temperature distribution. Furthermore, the material’s thickness and the horizontal
hot plate area should be determined.

Altogether, the Therminus-K2 prototype will have to consist of at least some basic components, in
order to comply with the operation of a GHP measuring method. These basic components are:

A heating module to generate and maintain a uniformly heated hot plate

A cooling module to generate and maintain a uniformly cooled cold plate

Modules to measure temperatures at the hot and cold plates

A module to determine the sample material’s thickness

A module to eliminate lateral and backward heat flow from the hot plate to the environment
A sample chambre enclosed by the heating and cooling module

2.2 Factors affecting Thermal Conductivity measurement of Textile Layers

It is indispensable to get insight into factors possibly affecting a TC measurement system for textile
layers. In a previously conducted systematic review, thickness of a clothing sample, its moisture
content, the air layer thickness between clothing and the measurement device, and the sample
compression appeared to be the most dominant factors affecting the apparent TC of textile [7, 26-48].
An extensive overview of factors affecting TC measurement of textile layers is shown in Figure 4.

In developing a TC measurement device, adequate measurement of a sample’s fabric thickness is
indispensable to ensure correct TC determination [7]. To avoid the presence of air layers between the
textile sample and the measuring device plates, a system that encloses the sample with a controllable
compression on the sample would be needed. However, it should be determined what compression is
needed to achieve this, as this parameter also influences TC.



Regarding the moisture content of a sample, it is advised to measure the textile sample in the
same moisture conditions as it was worn by the deceased (e.g. directly at the crime scene), as moisture
content highly influences the k-value of textile layers. This is particularly relevant at a crime scene, as
blood and urine often wet the textile layers surrounding the deceased. When textile layers are only
partly wetted, both a sample from the wetted and from the dry region should be measured to achieve
two separate k-values. Consequently, both k-values can be inputted into the PHOEBE model to deduce
the most accurate results.

Furthermore the effect of environment temperature on TC should be considered during
measurement, although the conducted systematic review labelled the effect as negligible for forensic
purposes. This is, as the environment temperature influences the rate and the ease of heating and
cooling to reach certain temperatures. Therefore, the target temperatures for the hot and cold plate
should be set to = 0.5 * AT.

Hot plate

ample

Cold plate

[ Positive correlation [ ] Negative correlation
Figure 4. Visualization of factors influencing the TC measurement of clothing, specified for a GHP set-up, adopted from [7]
Abbreviations: ALT, air layer thickness; AP, air pressure; (A)T, (ambient) temperature; EP, emissivity of the plates; FC,
fabric compression; FE, fabric extension; FT, fabric thickness; HHL, horizontal heat leakage; MC, moisture content. WAG,
weight ambient gas; WV, wind velocity [7].



3. CONCEPT DEVELOPMENT

3.1 Concept Design Method

A functional decomposition chart was composed, displaying sub-functions needed to achieve the main
function of Therminus-K2: measuring the k-value of a textile layer. The sub-functions were used for
brainstorming about their sub-solutions, which were then merged into a Morphologic Chart.

The sub-solutions were holistically scored on their applicability in a TC measurement device:

e Applicable — high performance: the solution is safe to use during CSI processes, is practical
in terms of size (Requirement 13) and simplicity (Requirement 15) and has a high
performance (Requirement 3).

e Applicable — low performance: the solution is safe to use during CSI processes and is
practical in terms of size and simplicity.

e Unapplicable: the solution might cause dangerous situations during CSI processes and/or is
impractical in terms of size and simplicity.

The solutions determined as applicable were used to compile three concept designs. Subsequently, the
three concept designs were evaluated through a Harris Profile to decide upon the concept to continue
the final design.

The requirements for a TC measurement device (section 1.2.2) were grouped into 6 different
criteria that were used in the Harris profile. These criteria were holistic descriptions, as the concepts
could not be gquantitatively evaluated. The criteria were ordered on importance (high to low = 1 to 6).
In drafting the criteria of the Harris profile, requirements 10, 11, 13 and 14 were omitted, because
these only become relevant in a later design step of the device. At first, it is aimed to keep the concept
as simple as possible and distinguish on a more fundamental level.

The criteria in the Harris Profile were:

1. Ability to ensure correct heat flow
The ability of the concept to ensure that all generated heat in the main heater only flows
vertically through the textile sample(s) (k-values: 0.057 — 0.7 W/mK — Requirement 1)
towards the cold plate(s) and does not flow in any other direction. This is needed to ensure a
high accuracy and precision of the measurement (Requirement 3 and 4).

2. Applicability for measuring textile samples
The concept device should be able to measure and identify samples with a variety of
thicknesses (0.17 — 150 mm) (Requirement 2). Furthermore, it is desired to keep the textile
sample, representative for the bulk material, intact (Requirement 5).

3. Use for forensic investigators
The concept device should be simple in use for forensic investigators (Requirement 15)
during PMI determination at a crime scene. The set and measurement time of the device
should be short (Requirement 6 and 7).

4. Ease of decontamination
The concept device should allow frequent and thorough decontamination (Requirement 9).

5. Durability
The expected lifetime of the concept device without need for recalibration (Requirement 8)
and its expected robustness (Requirement 12).

6. Feasibility
This is defined as the ease of development and manufacturing of a single prototype within the
scope of this thesis.

The concepts were holistically scored on these criteria by the author. The scores were verified by some
of the users (Dutch Police).
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3.2 Concept Design Result

3.2.1 Sub-solutions and Morphologic Chart
Figure 5 shows the functional decomposition chart of Therminus-K2, with at the right-most column
the lowest level functions to be used in the Morphologic Chart (Table 2).

The sub-functions of Therminus-K2 were:
e Correct positioning of a textile sample between the heating and cooling modules
o The textile sample should be enclosed by the heating and cooling modules and make
mechanical and thermal contact with these modules on a microscopic level.
e Feedback controlled TC measurements
o The hot and cold plate should achieve specified temperatures by heating and cooling
elements. These temperatures should be measured and controlled. Besides this, the
sample material’s thickness should be measured.
e Ensuring only a one directional heat flow from the main heater through the sample towards
the cold plate
o Parasitic heat flows should be eliminated in order to correctly determine k-values
(section 2.1).

It was prioritized to find solutions on how to control the measurement and ensure a one directional
heat flow through the sample. Solutions on how to position the sample should be investigated once a
well-performing prototype has been established (Appendix A: Extension to the Morphologic Chart).

Position textile

Insert textile sample
sample

Y

Clamp textile
sample

Fixate clamping
compression

Control
measurement

Measure sample

Quantify mput thickness

Y

Measure
temperatures

Measuring the k-value of textile

Process signals

Control the loads Heat

Y

Cool

Ensure a one
diractional heat flow
through the sample

.| Prevent backward
heat flow

Prevent lateral heat
flow

Figure 5. Functional decomposition chart of the Therminus-K2 design.
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Morphologic Chart

In the Morphologic Chart, the applicable solutions with a predicted high performance in their
functionality are circumscribed (Table 2).

Table 2. Morphologic Chart of the lowest level sub-functions for measurement control and heat flow direction for a TC
measurement device with their corresponding possible sub-solutions. Sub-solutions were scored on applicability: Applicable-
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All proposed sub-solutions to measure sample thickness were rated as applicable. A caliper would be
the simplest measurement method, although it could induce inter- and intra-observer errors. Using
automatic distance or displacement sensors is likely to result in more precise measurements.

For temperature measurement, semiconductor based integrated circuits and thermistors achieve
higher accuracies than thermocouples and thermopiles [61]. In signal processing, a Data Acquisition
Card combined with a computer is unapplicable for signal processing due to the size of the computer
that is needed.

For heating, chemical and dynamic heat sources are unapplicable for safety reasons and
dimensions needed. The Peltier effect can be used to heat, although the Joule effect has a higher
performance in heating. For cooling however using the Peltier element would be suitable, eventually
combined with a fan and heatsink to enhance cooling of the element itself.

Eliminating backward and lateral heat flow by extended modelling is impractical as it would be
too complicated to model. Using insulators or heaters neutralizing heat flow could both be
implemented with good performance.

3.2.2 Concept Selection

Three design concepts were composed based on the sub-solutions in the Morphologic Chart (Table 2)
and are visualized in Figure 6. All concepts consist of at least a main heater plate and a cold plate
sandwiching the sample, to create a temperature difference over the sample through which heat can
flow (section 2.1).

The hot plate with the main heater will be realized by attaching a thin film resistor to a thermal
conducting plate, that resultingly heats when a current flows through the resistor (Joule effect). The
cold plate will be made up of a similar thermal conducting plate to which Peltier elements, combined
with heat sinks and fans are connected. In all concepts, temperatures will be measured with
thermistors, as these have much lower costs compared to semiconductor based I1Cs [61]. Even though
distance sensors and displacement sensors would achieve more accurate thickness measurements, in
this project thickness measurement is to be performed directly over the sample with a digital caliper.
This is for simplicity reasons in the rapid design process and the fact that sample thickness is a
constant value during measurement.

Back heater Cold plate
Acerogel insulator
Sample
GH Main heater GH GH Main heater GH
sumpi sumpi
Cold plate Cold plate Cold plate
A. Concept 1: Single-sided B. Concept 2: Single-sided C. Concept 3: Double-sided
passive GHP active GHP GHP

Figure 6. Cross-sections of three concept designs for a TC measurement device, split in configurations A) Concept 1: Single-
sided passive GHP, B) Concept 2: Single-sided active GHP and C) Concept 3: Double-sided GHP. GH indicates a guard
heater surrounding the main heater.

Concept 1: Single-sided passive GHP
Concept 1, the single-sided passive GHP, is the simplest GHP configuration. The concept consists of a
hot plate being surrounded by highly insulating material, such as aerogel (k = ~ 0.01 — 0.02 W/mK)
[62]. This insulation layer should avoid backward and lateral heat flow departing from the main heater.
Concept 1 scores good for most of the criteria in the Harris Profile (Table 3). However, the use of
an insulator to eliminate parasitic heat flows might result in inaccurate measurements. This is, as
textile generally has a k-value (e.g. polyester: 0.05 W/mK) in the same order size as the insulating
material. Therefore heat produced by the main heater might also flow through the aerogel insulation.
Besides this, the configuration of the insulator makes measuring intact clothing samples with varying
thicknesses impossible.
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However, Concept 1 has a simple working principle, which is favorable for use by forensic
investigators. This predicts a high durability and feasibility to be developed within this thesis.

Concept 2: Single-sided active GHP

Concept 2 uses active heating elements (guard heaters) surrounding the main heater to eliminate lateral
heat flow from the main heater. Heating the guard heaters to the same temperature as the main heater
ensures a temperature difference of zero between the main and guard heaters, resulting in zero heat
flow between those. This way, lateral heat leakage from the conduction measurement region (CMR:
main heater — sample — cold plate) through the sample to the environment is prevented. Similarly, a
back heater is added to prevent a temperature difference and heat flow between the main heater and
the back heater.

Concept 2 seems to be able to ensure the correct heat flow by using the extra heaters.
Furthermore, the wish for measuring intact samples can still be fulfilled, as the sample doesn’t need to
be shielded on the sides. When correctly programmed, the concept is likely to be easy to use by
forensic investigators and to deliver fast measurements. However, the concept needs multiple
measures for temperature control which might increase the complexity during prototyping.

Concept 3: Double-sided GHP
Concept 3 is a solution based on the double-sided GHP method, consisting of a main heater guarded in
lateral direction by guard heaters similar to Concept 2. Concept 3 is however different as two samples
are simultaneously needed to perform measurements on. Around the heater configuration, two
identical flat samples should be inserted, that are sandwiched between the heaters and cold plates.

Concept 3 could ensure a correct direction of heat flow through the samples by using guard
heaters. However, the concept has some disadvantages due to its two-sided configuration. Two
identical textile samples would be needed for a single measurement, which in addition to that it is
difficult to obtain, is also highly undesirable in forensics, since as little sample material as possible
should be used (Requirement 5). Furthermore, the development process might encounter difficulties
due to the two-sided configuration. The measurement circumstances at both sides should be identical.
Making sure the measuring distance between the hot and cold plates is identical at both sides might be
difficult to achieve.

Besides this, the concept exists of two cold plates, consisting of two Peltier elements with fin-
formed heat sinks, which are hard to clean. Last, the two-sided configuration might need a longer
setup time, and could increase the complexity for use by forensic investigators.

Table 3. Harris Profile of the criteria rated for each concept as visualized in Figure 6. The rating scale (- - to + +) indicates
how a concept scores on a criteria, with (- -) as a very poor score and + + as a very good score.

1. Single-sided 3. Double-sided GHP
passive GHP

1. Ability to ensure
correct heat flow
2. Applicability for
measuring textile

3. Use for forensic
investigators

4. Ease of
decontamination

5. Durability

6. Feasibility

Concept 2 scores best in the Harris profile assessment (Table 3), as the concept has the most positive
(+ or ++) score. The concept seems to be able to ensure a correct heat flow direction and is suitable for
forensic purposes. Therefore, this concept is chosen to continue the final design.

14



4. SIMULATIONS FOR DESIGN DECISIONS

In order to further design the previously selected Final Concept 2, the Single Sided Active GHP, into a
prototype, some design decisions had to be made first. The concept eliminates parasitic heat flows by
using guard heaters and a back heater. In order to design that configuration properly, one must know
what the dimension ratio of guard heaters to the main heater should be (section 4.1). Furthermore, the
minimum thickness of the hot plate needed to establish a uniform temperature distribution by using
Thermal foil BN 1384113 60x60 mm (Conrad Electronic SE, Germany) should be determined (section
4.2). To decide on these design choices, heat transfer simulations were performed in SolidWorks
(Dassault Systemes).

4.1 Ratio of Main Heater to Guard Heater Dimensions

Introduction

To ensure correct TC measurement, a one dimensional heat flow should be realized through the
sample (see section 2.1). However, a two dimensional heat flow through the sample is most likely to
be present in the x-y plane, due to the created temperature differences between the sample and the
environment (Figure 7).

One dimensional heat Two dimensional heat
flow flow
Hot Plate Hot Plate
YYYYVYVYYYYYYYY ///JV\VVVV &\\\ »
Cold Plate ‘ Cold Plate l Heat Flow

Figure 7. Cross-section (x-y plane) of a hot and a cold plate with arrows indicating the direction of heat flow across the
plates due to a temperature difference between these plates.

Using guard heaters would ensure one dimensional heat flow in the middle of the sample while still
having a two dimensional heat flow at its edges. Then, an almost one-dimensional heat flow is
provided within the area between main heater and cold plate. Therefore, the goal of the first
simulations was to determine the required dimensions of the guard heaters relative to the main heater
in which a one-dimensional heat flow in the area between main heater and cold plate is established.

Method

In SolidWorks 2021 (Dassault Systémes, France) a steady state thermal simulation of heat conduction
through a squared sample with fixed size (50x50 mm) and varying thicknesses (5, 25 and 50 mm) was
performed, to visualize the effect of thickness on temperature distribution over a broad range. Thermal
loads were inserted representing temperatures of 30 °C (hot plate: Thot), 20 °C (cold plate: Tcoiq) and 25
°C (environment; (Thot + Tcold)/2), Which represent a standard GHP measurement. The sample was
meshed and a thermal simulation was performed that resulted in the heat distribution that would be
achieved in steady state. Cotton (k = 0.04 W/mK) was used as sample material to perform the
simulations with, as it is a very common clothing material [63, 64]. Afterwards, the simulations were
repeated using air (k = 0,025 W/mK) and Aluminum 7075 (k = 130 W/mK) as a sample material [65-
67].

Results

The simulations resulted in multiple figures showing the heat distribution across a cotton sample. It
appeared that for thin samples (50x50x5 mm), the area over which one dimensional heat flow is
established was large (Figure 8). When simulating heat distribution in thick samples (50x50x50 mm),
no area with an established one dimensional heat flow could be differentiated (Figure 8).
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Figure 8. Cross sections of heat distributions in cotton samples (k = 0.04 W/mK) exposed to AT = 10°C.

The region between the vertical lines indicates the region in which one-dimensional heat flow through the sample is
established. The regions outside these lines indicate the two-dimensional heat flow regions. In the 50x50 sample no region of
one-dimensional heat flow could be enclosed; all heat flow was two dimensional.

The heat distribution in air and aluminum samples (25x50x50 mm) showed a very similar pattern
(Figure 9). However, aluminum showed a smooth heat distribution whereas heat distribution in air
and cotton samples gets more wrinkled.
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Figure 9. Cross sections of heat distributions in A) Al 7075 (k = 130 W/mK) and B) air (k = 0.4 W/mK) samples (25x50x50
mm) exposed to AT =10°C.

Conclusion

When having a maximum sample thickness of 0.5 times the sample width, the area of one dimensional
heat flow is more than 0.5 times the sample width (Figure 10. Therefore, in order to achieve an area in
which a one dimensional heat flow through the sample is realized, the sample height (thickness)
should be

Sample height (thickness) <2 * sample length (when sample length = sample width).

The guard heaters should be placed all around the main heater (horizontal axis) with a width of 0.5
times the length of the main heater, in the a — 2a — a configuration (Figure 8 and Figure 10). In this
configuration, the 2a area is equipped with the main heater and the power delivered to this heater will
be used in TC measurement.

Furthermore, no differences in one dimensional heat flow region size were present when using
materials with different thermal conductivities (0.4 — 130 W/mK). This is as in steady state, the g/k
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ratio remains the same for different materials. This allows applicability of the proposed a — 2a — a
configuration for a wide range of materials.
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Figure 10. Cross section of heat distribution in a cotton sample exposed to a 10°C temperature difference. The main heater
and guard heater configuration (a — 2a — a) is visualized, which is needed in a TC measurement device to ensure one
dimensional heat flow through the sample in the conduction measurement region (CMR: 2a).

4.2 Minimum Aluminum Plate Thickness required for Temperature Uniformity

Introduction

In the Therminus-K2 prototype, thermal foil BN 1384113 60x60 mm (Conrad Electronic SE,
Germany) is used as the main heater, consisting of several wires in which heat is generated and a
polyimide foil that keeps everything together (Figure 11A). The wires result in a difference in heat
concentration along the foil. Therefore, the thermal foil will be attached to a Al7075 plate, acting as a
diffuser to achieve a uniform temperature distribution at the other side of the plate. It is desirable to
use a plate thickness that is as small as possible, so that the system can be controlled quickly and a
steady state is achieved fast. This would shorten the needed measurement time (Requirement 7). The
research question resultingly is: What is the minimal thickness the Al7075 plate should have to get a
uniform temperature distribution at the surface of the lower side of the plate (assuming the heating
foils are placed on top)?

Method

In SolidWorks 2021 (Dassault Systémes, France) a steady state thermal simulation of heat conduction
was performed through a Thermal foil — Aluminum Plate — Sample Assembly. The heating pattern as
in Thermal foil BN 1384133 was drawn in SolidWorks to use during heat simulations (Figure 11B).
Temperatures were set to 30 °C (thermal foil wires), 20 °C (lower side sample) and 25 °C (the
environment temperature set as average of the hot and cold plate temperatures). Cotton (k = 0.04
W/mK) was used as sample material to perform the simulations with. Thicknesses of the aluminum
plate (1, 2 and 5 mm) and thicknesses of the sample (0.17 and 25 mm) varied, as these thicknesses are
the minimum and maximum thicknesses Therminus-K2 should be able to measure (Requirement 2).
The results showed the established steady state temperature distributions through the aluminum plate
and the sample. It was assessed whether the uniform temperature distribution was reached within the
thickness of the aluminum plate.

17



A B. C.
Figure 11. Thermal foil BN 1384113 as photographed (A) as simulated in SolidWorks in a top view (B) and side view (C).
The highlighted path indicates the thermal wiring.

Results

When measuring thin (0.17 mm) cotton samples (0.04 W/mK), always a steady state uniform
temperature distribution within the hot plate’s thickness is established (hot plate thicknesses: 1, 2 and
5 mm). When measuring thick (25 mm) cotton samples, a uniform temperature distribution in the hot
plate is only established in plates with thicknesses above 2 mm (Figure 12).

Cross-sections of the established steady state temperature distributions of all tested configurations
were displayed in Appendix B.
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Figure 12. Cross-section of the temperature distribution in a thermal foil — Al7075 plate — cotton sample configuration.

Conclusion

AI7075 is a very conductive material and easily generates a uniform temperature distribution during
steady state measurements. When simulating heat flow in a hot plate with a 2 mm thickness, a uniform
temperature distribution is achieved.

This is, as a thick (25 mm) sample increases the length over which a 10 °C temperature difference
should be established, compared to a thin (0.17 mm) sample. At the lower side of the sample (at the
cold plate), a uniform temperature distribution (20°C) is imposed. At the upper side of the aluminum
hot plate, the thermal foil causes a non-uniform temperature distribution with high heat fluxes near the
thermal foil wires and low heat fluxes between the wires. The line at which a uniform temperature
distribution is achieved pulls down towards the bottom of the sample (20°C) with increasing sample
thicknesses (0.17 — 25 mm).

As a thinner plate increases the speed of the temperature control (see Section 5.2.2), the thickness of
the hot plate was chosen to be 2 mm.
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5. THERMINUS-K2 PROTOTYPE

5.1 Construction Methods

In Chapter 4 some design decisions were made, supported by simulations. In this chapter, the Single

Sided Active GHP Concept was further developed into a prototype through multiple iterations.
SolidWorks (Dassault Systemes) was used to make a 3D design of the mechanical embodiments.

Fritzing (Version 0.9.9) was used to design the electronic circuit. Software for data acquisition with

Arduino was written using the open-source Arduino Software (IDE) version 1.8.13. Received data was

post-processed in MATLAB R2021a (MathWorks).

5.2 The Therminus-K2 Prototype

5.2.1 Overview

A SolidWorks drawing of the final design of Therminus-K2 is shown in Figure 13. Photographs of
Therminus-K2 together with all electronics is visualized in Appendix F. Figure 14 visualizes a
schematic vertical cross-section of the resulted working principle in the Therminus-K2 prototype.
Figure 15 visualizes the same vertical cross-section in the Therminus-K2 SolidWorks drawing. In
Table 4 SolidWorks drawings of the top and bottom view of individual layers are shown. A similar
table is visualized in Appendix G, showing actual photographs of the top and bottom views of the
layers of Therminus-K2. An extensive list of the components used in the prototype is provided in
Appendix J. Appendix K provides technical drawings of the custom-made components with their exact
dimensions and Appendix L contains datasheets of the main electronic components used.

170 mm

== } Heating assembly

} Cooling assembly

Figure 13. Visualization of the final Therminus-K2 prototype with a sample inserted between the heating and cooling
assembly, in which the dotted line indicates the cross-section used in Figure 15.

In general, Therminus-K2 is made up of the following assemblies:

Heating assembly: main heater, guard heaters, back heater, rubber and aerogel layer
Cooling assembly: Peltier elements, heatsinks and fans

Frame

Electronics
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The hot plate (H, Figure 15) produces a uniform distributed temperature with a temperature difference
AT (°C) towards the cold plate (I, Figure 15), similarly having a equithermal surface. The area over
which the k-value of the textile sample is determined is the conduction measurement region (CMR),
which is the region from the main heater, through the sample towards the underlying cold plate
(Figure 15).

l Back heater |
Aerogel Rubber Aerogel
GH 'Main heater i GH
E Sample E
= _Cold plate” =
PE PE_ PE

[Heat sink |

Figure 14. Schematic vertical cross-section (see dotted line Figure 13) of Therminus-K2. The dotted line indicates the
conduction measurement region (CMR) and the yellow circles indicate temperature sensors. GH = guard heater, PE = Peltier
Element.

40 mm 60 mm 40 mm

Figure 15. Cross-section (see dotted line Figure 13) of the SolidWorks drawing of Therminus-K2, in which the assigned
labels mean:

A. Pillar E. Peltier elements layer 1. Cold plate
B. Insulating cap F. Aerogel layer J. Heat sink layer
C. Aerogel — rubber layer G. Back heater plater K. Fan layer
D. Inserted textile sample H. Hot plate L. Fan plate

Heating assembly

The main heating element (Thermal foil BN 1384113 0.3x60x60 mm — 12V/DC 48 W - Conrad
Electronic SE, Germany) is surrounded by four guard heating elements (Adhesive Thermal foil
0.4x40x100 mm — 12V/DC 10 W — Conrad Electronics SE, Germany) to eliminate lateral heat flow
and ensure one dimensional heat flow through the sample (section 4.1). These heating elements are
attached with adhesive tape to the upper surface of a 2x144x144 mm AI7075 plate (section 4.2). A 1
mm laser cut air gap is realized between the main and guard section (Table 4 Top View Hot Plate).
The air gap minimizes horizontal heat flow over the plate between the main and guard heater section
and ensures that the heat from the main heater flows in vertical direction.

Along the hot plate (H, Figure 15), 6 Negative Temperature Coefficient (NTC) thermistors (-40 -
+100 °C — 10 kQ - TTF3A103F34D3AY — TRU Components) are placed in milled groves filled with
thermal grease (GD900, Hackerstore). Thermal grease is added (k ~ 1.22 W/mK) to replace air
surrounding the thermistor, which would otherwise act as an extra thermal insulator. which is added to
avoid extra thermal insulation by air present around the thermistor. The thermistors, within the thermal
grease, are then covered with aluminum tape (see Table 4 Bottom View Hot Plate). These NTC
thermistors measure the generated temperatures of all individual heaters. The temperature of the main
heater, heating the CMR, is determined by two temperature sensors, as recommended by ISO ASTM
C177 [58]. The guard heaters are equipped with one temperature sensor each.
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Figure 16. A top view photograph of the configuration of the hot plate. The assigned labels mean: 1) Temperature sensor, 2)
Main heater and 3) Guard heater.

The dimensions of the hot plate (Figure 16) guarantee the right circumstances for measurement of flat
textile samples (120x120 to 140x140 mm) with maximum thicknesses of 60 mm (see Section 4.1).

The back heating element (Adhesive Thermal foil @ 90 mm, thickness 0.4 mm — 12V/DC 15W —
Conrad Electronic SE, Germany) is taped to the centre of the top of the back heater plate (AlI7075
2x144x144 mm) (Table 4, Top View Back Heater Plate). Between the back and the main heater, a
layer of rubber (~0.5 W/mK — 5x60x60 mm) is placed (Table 4, Top View Aerogel — Rubber layer)
[68]. The area between the back heater and the guard heaters is filled with aerogel (0.02 W/mK —
5x140x140 mm) [68]. On the upper side of the back heater plate a layer of aerogel (5x140x140 mm) is
placed to ensure that the heat produced by the back heater does not unnecessarily heat the environment
and mainly heats the rubber situated between the back and the main heater.

LAYER TOP VIEW BOTTOM VIEW
Back Heater Plate o L

Heating Assembly
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Hot Plate A

Cooling Assembly

Table 4. Schematic representation of the top and bottom view in SolidWorks of individual layers within Therminus-K2.
Details about the dimensions are given in Appendix K with SolidWorks drawings of the custom-made components. The
locations for temperature sensors are highlighted in the back heater bottom view, hot plate bottom view and cold plate top
view.

Cooling assembly

Peltier elements (3.9x40x40 mm — 12V/DC 50 W - Hackerstore), combined with heat sinks
(12x40%x40 mm — Hackerstore) and fans (10x40x40 mm — 12V/DC 0.08 A — Hackerstore) were used in
order to cool the cold plate (2x144x144 mm) (I, Figure 15). The Peltier - heat sink - fan construction
is repeated 9 times (3x3) (Figure 17). The Peltier elements (E, Figure 17) were glued (1.8 W/mK -
Electrolube TCOR75S Thermal Adhesive — RS Components) to the cold plate (I, Figure 15) using a
3D printed mold (Appendix K, part 1) to ensure correct positioning of the parts. The heat sinks (J,
Figure 17) were attached to the Peltier elements using self-adhesive tape. The 9 fans (K, Figure 17)
were attached to the Al7077 laser-cut fan plate (L, Figure 15) which consisted of 9 open circles to
enable heat flow through the fans. The fans direct the air through the heat sinks towards the bottom of
the entire assembly.

The cold plate suffices with only two temperature sensors along the middle of the plate in the CMR
(Table 4) , as the Peltier elements function equally and no individual management of the Peltier
elements is needed (Appendix D). The Peltier elements generate an equal (max + 0.1 °C deviation)
heat distribution across the aluminum plate as determined with a thermal infrared camera (see
Appendix D).
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Figre 17. A a side view photograph of the full cold plate assembly.

Frame

The heating and cooling assemblies were positioned on top of each other, in such a way that only
vertical movement over steel screw thread pillars (A, Figure 15) was allowed. 3D-printed thermally
insulating caps (B, Figure 15) were placed between the plates and the vertical pillars to avoid
conductive heat transfer from the hot to the cold plate through these pillars. 3D-printed supports and
lower stands were placed to offset the construction from the base, in order to avoid obstruction of the
air flow from the fans (Figure 13).

5.2.2 Temperature Control

9 NTC thermistors were placed at the positions as indicated in Table 4. The thermistors were
calibrated prior to securing them in Therminus-K2 (see Appendix C).

The control system diagram in Figure 18 illustrates the temperature control implemented in the
prototype.

PID Controller

T;f;:g»ﬁre e(t) PWM signal 'PWM signal Power
Kp *e(t) » PWM limit for Safety ¢ »{ N-channel Mosfet
Ki*Je(t) :
Kd * (de(t)/dt)

Load (Heatpad or
Peltier element)

Temperature Voltage

Determine Temperature
through Voltage and
Calibration factor

A

Temperature Sensor

Figure 18. Scheme of the Temperature Control of the surface plates, by regulating heating and Peltier elements based on
temperature readouts and resulting PID controlled PWM signals.

A Proportional Integral Derivate (PID) control system that outputs a Pulse Width Modulated (PWM)
signal was used to control the temperatures of both the hot and the cold plate. This is, as a PID
controller can enable a system to quickly reach the desired temperatures and come to a steady state.
During iterative trial and error, the PID constants for the heaters, guard heaters, back heater and Peltier
elements were determined (see Appendix M for Full Arduino Code with PID constants). All heaters

23



were individually controlled, whereas every Peltier element just received the same PWM output, as the
cold plate is controlled by two temperature sensors only. During the iterative process of defining the
PID constants, it was important to avoid an initial overshoot as this could cause the guard heaters to
heat the area of the main heater. This is undesirable, as the power to the main heater would then be
disturbed and errors in TC calculation would occur.

5.2.3 Electronics and Software

5.2.3.1 Circuitry

The electronic circuit used in Therminus-K2 is visualized in Appendix E. A simplified overview of the
electronics configuration is shown in Figure 19. In this figure, the electronics configuration is
simplified into three circuits: the fans circuitry, the heating circuitry, and the temperature sensors’
circuitry. As the cooling circuitry is similar to the heating circuitry, for simplicity reasons only the
heating circuitry is visualized.

During measurement, temperatures at the thermistors are continuously measured by the Arduino. Once
the external power supply is turned on, the fans start running. The heaters and Peltier elements are
controlled by the PWM signals from the Arduino. In the current configuration, the Arduino is
connected to a PC to visualize temperature sensor data and PWM output data during measurement.

The main modules of the full electronic circuit are:

3 Power sources (max 30V 5 A DC)

Micro-controller (Arduino Mega 2560)

LCD 2004A display

9 Temperature sensor circuitries: sensor and resistance

15 circuitries for heating or cooling: load (heater or Peltier), MOSFET and resistance
9 fans

PC

Power supply (12V, max 5A)

Arduino Mega 2560 [
AnalogRead

Heater (12V 48 W)

P—

MOSFET
&Y

ﬁ Resistor (10

[
( KQ £5%)

—

S ——

Resistor (12
kQ +5%)
Thermistor (10
kQ at 20°C) !

-

R Fan (12V,
S 0.26A)

Figure 19. Simplified scheme of the electronics configuration in Therminus-K2.
Pulse Width Modulation (PWM) is used to control the power delivered to the 15 heating and cooling

circuitries. It controls the pulse width of a fixed frequency square wave (490 Hz) towards the gate of a
N-channel MOSFET (IRLZ44NPbF — International Rectifier) and resultingly controls the average
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power towards the load, see Figure 20 [69]. A PID controller is used to control the duty cycle of the
PWM signal, in which the duty cycle is defined as:

Pulse Width
duty CyCle ~ Period (T) of the pulse *100 % (2)

The PWM signals for the individual heating and cooling circuitries are limited in the Arduino coding
by maximum duty cycle, specific per circuitry (see Appendix M for Full Arduino Code with circuitry
specific duty cycle limitations). This is done in order to prevent excessive currents (> 5A) from
damaging the system.

Average _ || | R 10 %
Power
Average
Power ~TTTTTC1TTTTT[TTTTTITTTTTTYTTTTT[TTTTTCT 50 %
Pulse Width
<«
Average _‘ ____________________________________ 30 %
Power
<
Period, T

Figure 20. A typical PWM waveform

5.2.3.2 Software design

Figure 21 schematically visualizes the custom-made Arduino code used to control the TC
measurement. During the entire measurement, the output parameters (time, temperatures and PWM
signals) were visualized (each 500 ms) on the PC screen after each measurement. These parameters
should be written to an Excel file. This Excel file is then imported in MATLAB for further post-
processing to calculate the thermal conductivity coefficient (k-value) of the measured sample (Figure
22).

Arduino code (Figure 21)
The Arduino first initializes all variables (e.g. temperatures and PWM) and ascribes the input and
output pins as used in the electronics configuration (Appendix E). In the Therminus-K2 prototype, the
ambient temperature is not continuously measured, but it is measured manually before each
measurement to be inserted in the Arduino code. This was done to simplify the design process since it
doesn’t affect the measurements. The temperature isn’t likely to change more than a maximum of 1 °C
during measurement and the effect of temperature on TC measurement at ambient temperatures is
negligible (see section 2.2) [7].

The void setup runs once after each power-up or reset of the Arduino Board. Subsequently the
main code to regulate temperature control and measurement readouts is executed.
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Main Arduino Coding: TherminusK2-ArduinoCode.ino

START: Initialisation of Variables

Insert the initial measured ambient temperature

Set the target temperature difference between de hot and cold plate
Ascribe input and output pins

Appoint variables and constants for temperature sensors and PID control
Create instances of the classes of libraries VtoT and PID

VOID SETUP: Preparation

Custom-made Arduino library:

« Begin sketch, prepare measurement and display inital screen VtoT

VOID LOOP: Execution .
Transforms readout voltages into

——— temperatures, based on determined
« Start Time of measurement calibration factors (Annex D).
« Calculate Temperatures of all 9 temperature sensors from Voltage via the <
VtoT library
« Calculate the average Temperatures from main heater and cold plate Custom-made Arduino library:

» Calculate the Temperature difference between the hot and cold plate PID

« Calculate PWM signals from Temperatures via the PID library

Transforms error between setpoint

» Write PWM signals to the output pins temperature and readout temperature

into PWM signals, based on a PID
control function.

« Serial Print: Time (ms), all Temperatures (°C), and all PWM output values (-)
« Print to LCD display: Temperatures main heater, guard heaters. cold plate, and
back heater

Output Arduino software -> Input for MATLAB

Figure 21. Arduino Pseudo Code to regulate the temperature control and the measurement readouts.

Data filtering
During post-processing, data filtering was needed. In the unfiltered data, sharp transients in
temperature and PWM output data were present. Physically it is impossible to measure such rapid
temperature changes in this setup. This suggests that the outliers come from an unresolved source of
error, which could be due to electromagnetic interference (EMI), sensor readout errors or other sources
of interference.

Since a moving average or Butterworth filter could not fully remove the outliers on their own, a
custom made outlier removal method was applied to the data. The filter was applied on the data
obtained after the initialization phase of each measurement (< 1 minute).

To use the outlier removal method, the measurement resolution for temperature data and PWM
output data for the power to the main heater were determined. When the difference in output value
between two consecutive data points was more than six times the resolution, the second data point was
classified as an outlier. The outlier and three successive data points were filled with the average of the
four previous data points. Subsequently, a moving average with a [10,10] window was applied in order
to smooth the outlier free data. This custom-made data filtering would be short enough to track
changes in the data and long enough to filter out the outliers.

Determine Steady State and calculate the Thermal Conductivity Coefficient
The thermal equilibrium must be reached before the k-value of the sample can be determined (section
2.1). The steady state of the thermal equilibrium is defined using the following criteria:

1) The heat flow rate Q remains constant over time (derivative Q < 0.001), and
2) The temperature distribution dT remains constant over time (derivative dT < 0.001).

In measurements with Therminus-K2, an extra condition should be added to ensure a one dimensional
heat flow:
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3) The individual guard heaters and the back heater should have the same temperature as the
main heater (difference < 0.5 °C).

The third condition for a steady state was added as one must be sure that the temperature difference,
and the resulting heat flow between the main heater and the guard heaters is absent. Otherwise, the
heat dissipated by the main heater (Q) is incorrectly calculated.

Only during the moments when the system was in steady state, the thermal conductivity coefficient (k)
was calculated. The k-values within these moments were averaged and this final k-value was assigned
to the measured sample.

S le thickness (. Temperature difference
Measurement area (A) ample thickness (L) between the hot and cold plate Power delivered to main
dT heater
Manually measured before TC (an : Q@
measurement and inserted
in MATLAR forl ost Calculated and stored Calculated in MATLAB during
Fixed in Therminus-K2 design e Jorp by Arduine during posi-processing
processing ‘\
measurement
ARDUINO
Filter Data: outlier removal + moving average ‘\
Y Y
Determine when the conditions for Steady State are met:
1) moving mean (derivative (dT) with a [20,20] window) < 0.001,
2) moving mean (derivative (Q) with a [20,20] window) < 0.001,
and
3) difference in temperatures hot and back heater plate compared to
the main heater temperature < 0.5 °C
h 4 A 4 A 4 Y
Calculate the average Thermal Conductivity Coefficient (k) during Steady State ‘\

Figure 22. Flowchart of the calculation of the thermal conductivity coefficient (k) of a textile sample by Therminus-K2.

5.2.4 Specifications
The general specifications of Therminus-K2 were listed in Table 5.

The guard heater width should at least be 30 mm for a 60 x 60 mm main heater (section 4.1), but again
heaters with a width of 40 mm were the smallest available. The air gap width was 1 mm, as it was the
smallest possible with the laser cutting machine. However, some connections between the main heater
plate and guard heater area were still present, as it was needed for construction. These connections
could still conduct some heat between main and guard heaters. Temperature sensors were calibrated
and validated from 18 °C to 40 °C. If temperature exceed this range, no reliable TC measurements can
be guaranteed.

The dimensions of the heating assembly were determined by the minimal dimensions of the available
heater foils. The used heater sizes for main (60x60 mm) and guard (100x40 mm) heaters were the
smallest available. As discussed in section 4.1, using a 60x60 main heater would require a guard
heater width of at least 0.5 * 60 mm. Again, 40x100 mm guard heaters were the smallest available and
were therefore used.
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Therefore, to perform TC measurements cut samples with dimensions of 120x120 mm? to
140x140 mm? should be inserted in the Therminus-K2 prototype. This conflicts with the user’s wish to
keep textile intact or use smaller samples (Requirement 5). However, this was inevitable with the
available heater sizes and the need for rapid prototyping.

The samples that Therminus-K2 can theoretically measure can have maximum 60 mm thickness
(section 4.1 and 5.2.1). Furthermore, the device is designed to test samples with k-values ranging from
0.02 to 0.7 W/mK. Exceeding this range could result in incorrect measurements or damage to the
device. The device should be used at ambient temperatures ranging between 18 °C — 30 °C, when
setting the temperature difference between the plates to a maximum of 10 °C.

Heat generated in the main heater and guard heaters will flow downward in vertical direction
towards the cold plate. There, heat generated by the Peltier elements is dissipated by the heat sinks and

the fans.

Minimum Maximum
Heating assembly size 160 x 144 x 14 mm
Main heater area 60 X 60 X 2 mm
Guard heater width 40 mm
Air gap width 1 mm
Temperature 18 °C 40 °C
Cooling assembly size 160 x 144 x 28 mmm
Number of Peltier elements 9
TC measurements
Sample material size 120 x 120 mm 140 x 140 mm
Sample thickness 0.1 mm 60 mm
Thermal conductivity of the sample 0.02 W/mK 0.7 W/mK
Environment temperature 18 °C 30 °C

Direction of heat flow from the

main heater

Vertical Downward

Table 5. Specifications of Therminus-K2
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6. THERMINUS-K2 TESTS

Four tests were carried out to test the working of Therminus-K2. The first test served to validate the
configuration of Therminus-K2 with guard heaters and a back heater to eliminate parasitic heat flows.
In the second test, the device’s performance was assessed in terms of accuracy, precision and
measurement time. Besides this, the device’s sensitivity to errors in input parameters was
mathematically tested. Eventually, a case study demonstrated whether the effects of moisture content
and fabric compression on the calculated k-values of samples measured by Therminus-K2 correspond
with the literature.

The general measurement workflow used in the tests is visualized in Figure 23. Appendix H specifies
the measurement protocol that was followed for TC measurements. In Appendix | contains details
about the tested textile samples.

| Pre-wetting treatment!
R Rt SR
\ of the sample ! !

Insert sample in Analysis of thermal
. Perform .
Sample selection measurement conductivity
measurement .
chambre coefficient
A : A
Tost4 Do Testl .
i Surround sample with : Adapt device .
specific spacers : configuration

———>» General pathway and complete pathway test 2: Performance
-»  Specific pathway test 1: Device Configuration
ffffffffffff » Specific pathway test 3: Moisture Content Effect

-3 Specific pathway test 4: Sample Compression Effect
Figure 23. General measurement workflow for the performed tests 1 — 4.

6.1 Therminus-K2 Validation and Performance

6.1.1 Device Configuration Test

Introduction
The Device Configuration Test was performed to validate the chosen configuration of Therminus-K2.

In the GHP method, TC can only be determined when a steady-state one dimensional heat flow
through the sample is achieved. Consequently, the purpose of the device's components is to ensure that
the heat generated by the main heater only flows through the sample towards the cold plate across a
constant temperature difference. To validate this, this test aimed to evaluate the effect of the device's
components on the heat flow and the obtained k-value. The tested components were: aerogel
insulation, guard heaters, extra Peltier elements and a back heater.

Method

A flat polycarbonate (PC) sample (size: 140x140x2.69 mm) was used for testing six different device
configurations (Figure 24). Each device configuration measurement was repeated three times with a
measurement time of 15 minutes. The temperature difference between the plates was set to 10 °C.
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Calculated k-values and power to the main heater per device configuration were visualized in
scatterplots using SPSS IBM Statistics 26.

Temperature sensor
Heating element

Cooling element

Aluminum plate

o
- Aerogel insulation
S
R

S S

Sample material

D E F
S S S

Figure 24. Tested device configurations:
A) Air — Main heater — Sample — Peltier n = 1);
B) Aluminum plate — Aerogel — Main heater — Sample — Peltier (n = 1);
C) Aluminum plate — Aerogel — Guard heater: Main heater: Guard heater — Sample — Peltier (n = 1);
D) Aluminum plate — Aerogel — Guard heater: Main heater: Guard heater — Sample — Peltier (n = 9);
E) Aluminum plate — Rubber — Guard heater: Main heater: Guard heater — Sample — Peltier (n = 9);
F) Back heater — Rubber — Guard heater: Main heater: Guard heater — Sample — Peltier (n = 9);

Results

Figure 25 shows the calculated power delivered to the main heater to achieve the set hot plate
temperature for the six tested configurations (A — F). Figure 26 shows the measured k-values of the
PC sample determined by using the different device configurations. In both figures, the largest
difference in measured power to the main heater and k-value is observed when guard heaters are added
to the configuration.

&,00

400

Power to main heater [Watt]

2,00

00

A B C B E F
Device Configuration

Figure 25. Scatterplot of the determined power to the main heater for the 6 tested device configurations, as specified in
Figure 21. Per configuration, 3 repetitions were performed and inserted in this scatterplot.
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Figure 26. Scatterplot of the measured thermal conductivity coefficients for the 6 tested device configurations, as specified in
Figure 24. Per configuration, 3 repetitions were performed and inserted in this scatterplot. The dotted line indicates the range
of reference (0.17 — 0.22 W/mK) between which the thermal conductivity coefficient of Polycarbonate usually lies at 23 °C
[70-72].

The high power delivered to the main heater in configurations A and B indicates a high generation of
heat by the main heater dissipating in multiple directions (Figure 25). In configuration A, only a
heating and cooling element were used without any measures to eliminate parasitic heat flows.
Resultingly, heat was free to flow in all 6 directions (Figure 27). In configuration B, the heat flow in
the upper direction is minimized due to the addition of insulation on top of the assembly. This is
confirmed by the results shown in Figure 25, in which the heat flow decreases in similar proportions
(~1/6™). Adding guard heaters to configuration B results in a large decrease in power delivered to the
main heater (Figure 25). This decrease in power consumption theoretically results in a decrease in
heat generation and could explain that the major heat flow in configurations using guard heaters, and
either back insulation or a back heater is towards the cold plate (Figure 27).

Configurations C to F, all using guard heaters, show comparable results in power to the main heater
and calculated k-values. In configuration E a higher power consumption by the main heater was
observed than in configuration C, D and F due to the partial replacement of aerogel (~0.01-0.02
W/mK) by rubber (~ 0.5 W/mK).

Main heater

Cold plate

Figure 27. Heat flow directions (arrows) from the generated heat in the main heater Area. In the used configuration F, the
major heat flow (green, - - ) is directed towards the cold plate and the other heat flow directions (red) are negligible.

Configuration F, which was used in the final Therminus-K2 prototype, can indeed measure samples
with lower k-values by using a back heater instead of back insulation. Using back insulation (aerogel
(~0.01-0.02 W/mK)) would limit the range of k-values that can be measured, as the k-values of textile
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samples could get close to the k-value of aerogel and again backward heat flow could take serious
sizes. Therefore, configuration F using a back heater and guard heaters is indeed suitable for TC
measurements of textile samples.

6.1.2 Performance Test

The Performance Test aimed to assess the accuracy and precision of Therminus-K2 together with the
time needed to achieve steady-state measurements, in order to evaluate Requirements 3, 4 and 7.

Method

Five flat samples (140x140 mm) of different materials were used to perform TC measurements on.
Two samples were cut from homogeneous isotropic materials (PC and NY®6) and three samples were
cut out pieces of clothing (undershirt, long sleeve and joggers). Figure 28 schematically visualizes the
tested samples. Five measurements were performed per sample, taking 30 minutes each.

Result analysis included calculation and evaluation of the accuracy, precision and measurement time
of the Therminus-K2 device. Accuracy was assessed by comparing calculated k-values of a sample by
reference k-values as determined by other studies. Precision was defined as the standard deviation of
the calculated k-values of a sample (five repetitions) divided by the average calculated k-value of a
sample. Time to steady state was defined as the first moment in time in which a steady state (as
described in Chapter 5) was reached. SPSS IBM Statistics 26 was used to calculate the average and the
standard deviation of calculated k-values and the time to and time in steady state. MATLAB was used
to plot the calculated k-values in relation to the k-values as determined by other studies.

Polycarbonate Nylon 6 Cotton Polyester Polyester/Cotton
(PC) slab (NY®6) slab (100% CO) (100% PES) long (65/35 %
undershirt sleeve PES/CO) joggers

2.69 mm thick 2 mm thick 0.6 mm thick 2 mm thick 1.4 mm thick

Figure 28. Sample materials used for the Performance Test.

Results

Table 6 shows the determined k-values of the tested samples. The precision of the measurements
ranged from 2 to 5 % and the time needed to achieve the first moment of steady state ranged from 2.81
to 6.94 minutes. The time in which the system was in steady state, according to the definition in
section 5.2.3, ranged from 5.25 — 15.65 minutes.

Table 6. Descriptive results about the determined thermal conductivities of the tested samples. Std = standard deviation.
* Precision: Standard Deviation k-value / Mean k-value. Min — Max: the minimum and maximum values.

Thermal Conductivity Precision* Time to Time in
Coefficient k (W/mK) Steady State Steady State
(minutes) (minutes)
Mean Std % Min - Max Min - Max
PC 0,129 0,005 4 4,53 -6,94 5,25-7,40
NY 6 0,132 0,002 2 3,88-5,65 5,28 — 13,09
Cco 0,042 0,001 2 4,07 -5,75 6,27 — 8,97
PES 0,033 0,002 5 2,81-491 8,35 -15,65
PES/CO 65%/35% 0,036 0,001 3 3,21-4,08 6,05 11,37
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It is not possible to assess the measurement's absolute accuracy without using either standard reference
materials or performing a control measurement by a well (ISO) classified TC measurement device.
Therefore, the measured TCs were compared with TCs of the same materials as found in other studies
(see Figure 29) [63, 64, 70-79]. The TCs as determined by Therminus-K2 always were either lower
than the reference values or within the referencing range.
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Figure 29. Five plots comparing measured thermal conductivity coefficients with some thermal conductivity coefficients of

the same materials by different studies [63, 64, 70-79].
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6.2 Error Sensitivity Test

The sensitivity of Therminus-K2 to errors in its input parameters was mathematically tested. The error
sensitivity test was performed to discover the main factors causing variation in k-value calculation by
Therminus-K2. It investigated how changes in input parameters affect the measured k-value, as
calculated based on Equation 1.

Table 7 shows the parameters needed in TC calculation. Based on the resolution of the
measurement method with which the parameters are measured, the uncertainty in a single
measurement is calculated [80]:

resolution of the measurement
2

Uncertainty in a single measurement =

(3)

Subsequently, the uncertainty in the total measurement is calculated per parameter [80]. The ranges of
the parameters as measured in the samples in the Performance Test (section 6.1.2) are displayed and
the resulting change (%) of the determined k-value due to the parameter’s uncertainty over the
boundaries of these ranges is determined. As all parameters linearly correlate with the k-value
(Equation 1 in section 2.1), the effect of a parameter’s uncertainty on the parameter itself is similar as
its effect on the k-value.

Table 7. Uncertainty of input parameters in TC calculation by Therminus-K2 with their effect on the calculated k-value (%

Parameter Unit Measurement  Uncertainty in Total Range as Resulting
method or asingle | uncertainty calculated in change of k-
instrument measurement Performance Test value (%

Power Q Watt PWM bits to +0.095 +0.0212 Min: 0.457 4.6 %
power
conversion Max: 1.576 1.4 %
Sample meter Digital caliper +0.005*10% | +0.1*10°% Min: 0.6 *10°3 16.7 %
thickness L
Max: 2.69 *10- 37%
Measuring squared Digital caliper +0.005 *10%° | +0.85 *10® 3618.02 *10°5 0.024 %
Area A meter
Temperature ° Celsius Thermistors +04 +0.089 Min: 5.91 1.5%
difference AT
Max: 8.61 0.7%

Power Q

The resolution for the power measurement delivered to the main heater is determined on the resolution
of the bits to power conversion (48 Watt divided by 256 (8-bit) is 0.19 Watt). The resulting
uncertainty in a single measurement would be 0.095 Watt (see Equation 3). However, the total
uncertainty of the power is lower, as a result of averaging which takes place after data acquisition. A
moving average with a [10,10] window is applied to the data. Therefore, the total uncertainty becomes
[80]:

. . luti 0.19
uncertainty in the mean = e R = == 0.0212 Watt (4)

2xywindow size - 2%4/2

Applying this uncertainty to the minimum and maximum values as determined in the Performance
Test, the resulting effect on the calculated k-value varies from 1.4 % to 4.6 % (Table 7).

Sample thickness L
The resolution of the digital caliper with which the sample thickness is measured was 0.01 * 10 mm.
Resultingly, the uncertainty in a single measurement would be 0.005 * 10 mm. However, the total
uncertainty in the measurement is estimated to be higher (0.1 * 10° mm) due to the possibility for
incorrect hot and cold plate positioning.

The effect of sample thickness uncertainty on the k-value is lower for thicker samples (2.69 mm —
3.7%) than for thinner samples (0.6 mm — 16.7 %). The effect is high, as the sample thickness is only
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measured once and that single value is used in TC calculation, without being subjected to any
averaging or other post-processing.

Measuring Area A

The measuring area is an intrinsic property of Therminus-K2 and is not changed between
measurements. The effect of the measurement uncertainty in this parameter on the k-value is therefore
the same in all measurements.

After the rapid production process (laser cutting) the measuring area became 60.1 mm by 60.2
mm (3618.02 * 10° mm?), as measured with a digital caliper. Resultingly, the total uncertainty
resultingly is 0.85 *10®, estimated using the rule for uncertainty propagation by multiplication
(Equation 5) [80]. In all measurements the k-value could have been affected by an uncertainty in
measurement area, although this effect appears to be extremely small (0.024%).

Uncertainty = |xy| * (Ax—x)z + (%)2 = 160.1 x 60.2| = \/(%)2 + (%)2 = 0.8506 mm? (5)

Temperature difference AT
During validation of the used thermistors, it appeared that the individual temperature sensors all had a
Root Mean Squared Error (RMSE) < 0.2 °C in relation to the reference temperature sensor for a
temperature range from 18 — 42 °C. When determining the temperature difference, this results in a
possible deviation of 0.4 °C from the actual temperature difference in a single measurement. As a
moving average with a window of 20 data points is applied to the measured temperature differences,
the uncertainty of the total measurement becomes 0.089 °C (0.4/+/20), as determined via Equation 4.
This could result in an error up to 1.5% for a minimum AT of 5.91 °C on the determined k-value.
Using a larger AT between the hot and cold plate would result in a smaller effect of temperature sensor
uncertainty on TC.

The effect of uncertainty in sample thickness on the calculated k-value is the highest (3.7 - 16.7%) of
all input parameters. Especially for thin samples (0.6 mm thick), an incorrectly measured sample
thickness (£ 0.1 mm) could have an extreme effect (16.7%) on the calculated k-value.

Thermal Contact Resistance

Beside these input parameters, the contact resistance between the sample and the surface plates also
affects the calculated k-value. Thermal contact resistance arises due to insufficient contact between
two bodies, in this case surface plate and sample surface. Due to irregularities in the surfaces, the
actual contacting area on micro-level available for thermal conduction is small. The areas of improper
contact are filled by air which generally acts as an extra insulation (thermal resistor) layer. Even if no
irregularities are noticed by eye, still irregularities exist on microscopic level (microcontact
resistance).

The thermal contact resistance is affected by multiple parameters, such as geometry of the
contacting surfaces, gap thickness, type and k-value of ambient gas/fluid, k-values of the surfaces,
elastic modulus of the surfaces and (ambient) temperatures. In order to investigate the effect of contact
resistance in measurements with Therminus-K2, some simplifications are necessary.

Thermal resistance is the inverse of TC multiplied by the material’s thickness (Equation 6). Heat
flowing from the hot plate through the sample towards the cold plate is schematically visualized by
three thermal resistances in series (Figure 30). Two thermal resistances (Rc: and R¢2) are caused by the
thermal contact resistance between the surface plates and the sample material surface. The middle
thermal resistance (Rs) is the inverse of TC of the sample material.

m2K.
el

R=7[ (6)

The effect of thermal contact resistance on the determined k-value can be estimated. The thermal
resistance of a 2.69 mm thick PC sample with an actual k-value of 0.2 W/mK would be:
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L 2.69+% 1073
RS = —-= —
k 0.2

m?K
=0.01345 [~ -] (7)
When a small air (k ~ 0.002 W/mK) layer of 0.1 mm is present between the hot plate and the sample,
the thermal resistance in the upper contact (Rc1) would be:

R. = L 01x1073
A7 kT 002

= 0.005 [2 ] ®)

Assuming the air layer between the cold plate and the sample is also 0.1 mm,
Re1 =Ry 9)

which results in a total thermal resistance of
2
Reotat = 2 * Rey + Ry = 0.02345 [F] (10)

Translating this back to thermal conductivity results in an apparent k-value of

* x1073
jo = Lotal _ (269+2:0.)107° _ oo [W] (11)
mK

Reotal 0.02345
Hot Plate *
Rcl
Rs
Sample )
[
Rc2

Cold Plate t

Figure 30. Representation of the thermal resistances through which the heat generated in the hot plate flows towards the cold
plate. Rc1: contact resistance between the hot plate and the sample, Rs: thermal resistance of the sample, and Rc2: contact
resistance between the sample and the cold plate.

As determined through a simplified estimation in Equations 7 to 11, it seems that the k-value of PC
(with a reference k-value of 0.2 W/mK) is calculated to be 0.123 W/mK when incorporating the
presence of two small (0.1 mm thick) air layers between the surface plates and the sample in the
calculation. Even these small air layers could thus result in a decrease in the estimated k-value of
38.5%. This is comparable to the results of the Performance Test, in which an average k-value of PC
of 0.129 W/mK is determined whereas literature values range between 0.17 and 0.22 W/mK.
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6.3 Therminus-K2 Case Study

In this case study, Therminus-K2 was used to investigate the effects of some of the previously
determined factors affecting TC of textile (section 2.2) [7]. Moisture content of the sample and sample
compression had the largest effects on the calculated k-value of textile as found by multiple studies [7,
26-48]. These effects easily result in a 100% in- or decrease in determined k-value. When using
Therminus-K2 in forensic practice, wetted and compressed textile samples will have to be measured.
Therefore, this case study was performed.

6.3.1 Moisture Content Effect Test

In this test the effect of moisture content of the sample on the calculated k-value was investigated,
assuming Therminus-K2 works properly. The research question of this test was: Do the TC
measurements results of samples with different moisture contents correspond with the effect of
moisture on TC as seen in literature [7, 26-48]?

Method

Figure 31 shows the materials from which samples (each 140 x 140 mm) were cut to perform TC
measurements on. The samples were tested in two different states of moisture content: air dried and
wetted. A sample was categorized as air dried after leaving the materials in a room (x 21 °C; 40 — 60%
relative humidity) for seven days prior to testing. Wetted samples were created by fully soaking a
sample in water, then squeezing most water out and letting it dry for 1,5 hours.

Three measurements of 30 minutes were performed per sample and per moisture state. SPSS IBM
Statistics 26 was used to visualize the calculated k-values per sample and moisture state in a
scatterplot, and to calculate the average and standard deviation of these k-values. Results should be
analyzed qualitatively, as the final achieved moisture content during measurement is likely to differ
amongst wetted samples, due to the preparation method used.

Denim (CO) skirt Polyester/Cotton (65/35 % Acrylic/polyester (PAN/PES)
PES/CO) joggers fur coat

0.8 mm thick 0.96 mm thick 8 mm thick

Figure 31. Sample materials used in the Moisture Content Effect Test.

Results

All measurements performed on wetted samples showed an increase in calculated k-value compared to
the same samples in dried states (see Table 8 and Figure 32). The increase was highest in the
PAN/PES coat (415%) and was in all cases above 200%. Furthermore, standard deviations within the
wetted samples were higher than in the corresponding dried samples.
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Table 8. Determined mean thermal conductivity coefficients of samples in two different states of moisture content. Std =

standard deviation. ‘Wetted : Dried State’: the mean k-value of a wetted sample as a percentage of the mean k-value of the
corresponding dried sample.

Calculated Thermal Conductivity Coefficient k [W/mK

Dried State Wetted State Wetted : Dried
Mean Std Mean Std State*
DENIM (CO) skirt 0,0516 0,0052 0,1058 0,1058 205%
PAN/PES coat 0,0696 0,0160 0,2888 0,2888 415%
PES/CO 65%1/35% 0,0360 0,0006 0,0879 0,0879
joggers 244%
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Figure 32. Scatterplot of the effect of moisture content on measured thermal conductivity coefficients of three different
textile samples. Per sample and per state three repetitions were measurement and visualized.

6.3.2 Sample Compression Effect Test

In this test the effect of compression of the sample on the calculated k-value was investigated. The
research question of this test was: Do the TC measurement results of samples with different states of

compression correspond with the expected effect of sample compression on TC in literature [7, 26-
48]?

Method

Three different textile samples were investigated in this test in three different states of compression
(standard compression, 25% compression and 50% compression) (Figure 34). Prior to performing the
TC measurements of the samples, their initial thicknesses in state of standard compression were
measured with a digital caliper (see Appendix H for definition of standard compression).
Subsequently, PMMA laser-cut and PLA 3D-printed spacers were fabricated with thicknesses needed
to achieve 25 % and 50 % compression (Figure 33 and Figure 34). However, the realized spacer
thicknesses deviated slightly from the desired thicknesses due to rapid production processes. The
realized thicknesses were measured and used in TC calculations.

When inserting the sample in the measurement area for testing, the samples were surrounded by their
corresponding spacers. Weights (3 x 500 gram) were added on top of the back heater plate to achieve

adequate compression. Furthermore, four spring clamps were used to clamp the edges of the hot and
cold plate towards each other.

38



Figure 33. SolidWorks drawing of the spacer used to obtain specific states of sample compression. During measurement, the
textile sample was placed within this frame.

Three measurements of 30 minutes were performed on each sample and for each state of compression.
SPSS IBM Statistics 26 was used to calculate the average and standard deviation of the calculated k-
values per sample and for each compression state. Furthermore, scatterplots were made to visualize the
calculated k-values and the calculated power towards the main heater per sample, split by compression
state.

Acrylic/polyester
(PAN/PES) fur coat
8 mm thick

Nylon/polyester
(NY/PES) padded jacket
3 mm thick

Polyester
(PES) long sleeve
2 mm thick

Sample

Standard thickness

e
\
7
( \
57

’ - |
R ’}
J @ ~ | =
Desired Realized Desired Realized Desired Realized
thickness | thickness | thickness | thickness | thickness | thickness
25% compression 1.5 mm 1.61 mm 2 mm 2.18 mm 6 mm 6.15 mm
50% compression 1mm 1.19 mm 1.5mm 1.61 mm 4 mm 4.16 mm

Figure 34. Samples materials used for the Fabric Compression Test with the heights of spacers needed to achieve 25% and
50% compression. The thicknesses of the spacers deviated from the desired thicknesses due to production tolerances. The
realized thicknesses were used in TC calculation.

Results

Figure 35 and Figure 36 show the measured k-values and heat flows for samples in different states of
compression. It appears that in the measurement of Therminus-K2, the calculated k-value of the 50%
compressed materials is lower than k-values of 25% compressed materials. Besides this, the standard
deviation in k-values determined in states of standard compression is much higher (0.010 — 0.016)
than the standard deviation in k-values in compressed states (25 % and 50 % range resp 0.001 and

0.001 — 0.004) (Table 9).

Table 9. Mean thermal conductivity coefficients of samples in three different states of compression measured with
Therminus-K2.

| Calculated Thermal Conductivity Coefficient k [W/mK]

Standard compression 25 % compression 50 % compression
Mean Std Mean Std Mean Std
NY/PES padded jacket 0,040 0,010 0,041 0,001 0,033 0,001
PAN/PES coat 0,070 0,016 0,066 0,001 0,062 0,004
PES shirt 0,041 0,012 0,047 0,001 0,039 0,001
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Figure 35. Scatterplot of thermal conductivities of three samples split by their state of compression, with three repetitions.

1,000
(=]
— o
g 800 o g
1=
2
o 00 =]
@
< ¢ o 8 o]
=
-a 0 g
E 400
2 8 o g
o 0
3
o 200 o
000 T T T T T T T T T
Standard 25% 50% Standard 25% 50% Standard 25% 50%

compression compression compl'ession
Compression status

PES shirt

compression compl'ession compl'ession
Compression status

NYIPES padded jacket
Sample material

compression COI]]pI'ESSiOI"I compression
Compression status

PANIPES coat

Figure 36. Scatterplot of the power delivered to the main heater for three samples split by their state of compression, with
three repetitions.
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7. DISCUSSION

In this study, a device for measuring TC of textile samples for forensic purposes was designed,
developed and tested: the Therminus-K2 prototype. Its device configuration was validated and its
performance was investigated. Besides this, an error sensitivity test was performed and a case study
was done.

7.1 Interpretation of the Experimental Results

Validation and Performance Tests

These tests showed that the chosen GHP configuration using a back heater and guard heaters resulted
in precise results (< 5%) within 30 minutes of measurement. A steady state, as currently defined in the
used post-processing method (section 5.2.3 and Figure 22), was already achieved within a maximum
of 6.94 minutes. The time within the 30-minute measurement in which the system was in steady state
ranged from 5.25 to 15.65 minutes. Hence, Therminus-K2 still has difficulties with keeping the system
in steady state once it has been reached. This might be subscribed to errors in temperature sensor
readouts which are proceeded in the PID controlled heating and cooling of the plates, due to which
temperatures might fluctuate over time.

In the performance test, most determined k-values were below the range of reference k-values
(Figure 26 and Figure 29). As discussed in the error sensitivity test in section 6.2, this can likely be
attributed to the contact resistance between the hot and cold plate surfaces and the sample surfaces.
This effect is also present in the textile layer surrounding a deceased body.

The difference between the calculated k-values of PC and NY6 samples and their reference k-
values was larger than for the other tested materials (CO, PES and CO/PES) (Figure 29). This could
be attributed to the contact resistance having a bigger effect on PC and NY®6 slabs due to their rigidity.
Besides this, PC and NY6 (range 0.18 — 0.28 W/mK) are supposed to have much higher k-values than
CO, PES and CO/PES (0.03 — 0.14 W/mK). Therefore, the effect of an air layer (0.02 W/mK) as a
result of insufficient contact is higher for PC and NY6 than in the other samples, which agrees with
the results as shown in Figure 29.

Moisture Effect Test

In the moisture effect test, it appeared that wetting textile resulted in an increased k-value (205 — 415
%) in all tested samples (Table 8). This agrees with physics and literature, as multiple other studies
report an increase in k-value (105 — 755%) due to an increased moisture content of the sample [7, 26-
48]. The moisture (e.g. water) that is added to the sample substitutes the air in the fabric pores.
Resultingly, the calculated k-value of the sample increases, as water (k ~0.598 W/mK at 20 °C) is a
better conductor than air (k ~0.025 W/mK at 20°C) [81, 82].

The standard deviation in measured k-values of wetted fabrics was higher than in the measured k-
values of dried fabrics. This is likely due to differences in achieved moisture content within the
samples, as a result of slight differences in the process of squeezing and drying the samples, after
being fully wetted.

The effect of moisture content on the calculated k-value differed per fabric and was highest for the
8 mm thick PAN/PES coat (390% increase). This could be explained as it is likely that more air is
present within the fibers of this thick furry coat compared to the other tested samples. This enabled
more water absorption, resulting in a higher increase in k-value after wetting.

The observations in the moisture content effect test correspond with literature and support the
importance of measuring k-values of textile layers at a crime scene. Addition of water to a textile
sample increases its k-value. This most likely also applies to addition of blood or urine to textile,
which is often encountered at crime scenes. In practice, this would add a requirement to a new TC
measurement device; The measurement area should withstand repeated measurements of wetted
samples.
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Fabric Compression Test

In literature, it is proven that the k-value of a sample increases with an increase in sample compression
[7, 26-48]. During sample compression, air that was present between textile pores gets pressed out. As
the k-value of air is smaller (k ~0.025 W/mK at 20°C) than the k-values of most textiles (0.057 — 0.52
W/mK, Requirement 1), removing air from the sample increases the measured k-value.

In this study, at 25% compression state the calculated k-values in most samples were indeed
higher than the k-values at standard compression (see Appendix H for the definition of standard
compression). However, a decrease in the calculated k-value was observed between 25% and 50%
compression, which differs from the correlation found in literature (Figure 35) [7, 26-48]. This may
have been caused by an incorrectly determined sample compression. The contact surfaces (hot and
cold plate to sample) may have had small irregularities or a small curvature as a result of which the
sample thickness wasn’t equal over the full sample. Besides this, an uncertainty in sample thickness
measurement (section 6.2) may have affected the determined k-value, as a result of which the expected
fabric compression effect was not visible. For example, measuring the k-value of a 1 mm thick sample
with a sample thickness measurement uncertainty of 0.1 mm could have resulted in an uncertainty in
k-value of 10%. However, the k-values of the padded jacket, coat and shirt at 50% compression
respectively vary 19%, 6% and 17% to the k-values at 25% compression. Therefore, the sample
thickness measurement uncertainty might even be underestimated.

It is unlikely that the extra connection from the hot plate via the spacers to the cold plate may
have affected the measurements. This is, because the spacers are made of materials (PLA and PMMA)
with relatively low k-values (~0.13 — 0.25 W/mK) compared to the k-value (130 W/mK) of the plates’
material (Al7075). Besides this, the spacers are situated outside of the measuring zone.

Furthermore, the fabric compression test showed a higher standard deviation in calculated k-
values at standard compression (0.009 — 0.016) than in 25% and 50% compression states (resp. 0.002
—0.004 and 0.001 — 0.005) (Figure 35 and Table 9). Increased compression seems to lead to more
precise results, likely due to an increase in contact area between the hot and cold plates and the sample
surface, which decreases the contact resistance.

7.2 Evaluation of the Design Requirements

Therminus-K2 was evaluated against the design requirements (Section 1.2.2). The evaluation is
presented in Table 10, and the assessment of each requirement is briefly discussed below.

Regarding the performance parameters of a TC measurement device, three of the minimal
requirements were already fully met, three were partly met, one was unmet and one is still to be tested.

Requirement 1

Therminus-K2 was tested only over a range of k-values from 0.031 — 0.330 W/mK, as textile samples
with k-values over a broader range were not available. Based on the design configuration of
Therminus-K2, it is however very likely that k-values over the minimal and target requirement range
can be measured (Requirement 1): The use of a back heater to eliminate backward heat flow would
enable measuring lower k-values compared to using aerogel. The upper k-value of 0.7 W/mK is also
expected to be achievable, although the higher k-value could require more power to maintain a
temperature difference over the sample. However, decreasing the temperature difference over the plate
would facilitate measuring higher k-values.

Requirement 2

Heat flow simulations evaluating the ratio of main heater to guard heater dimensions (section 4.1) and
the used main heater dimensions (60x60 mm?) enabled measurement of textile samples up to 30 mm
thick (section 5.2.4). This means that the minimal requirement for sample thickness (Requirement 2)
was met, even though only samples up to 8 mm thick were measured during the tests.
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Requirement 3

This requirement, regarding the accuracy of the TC measurement, was not yet quantified. However, no
unexpected results were observed as k-values always were at or below the reference k-values, which is
explained by the effect of contact resistance.

Requirement 4 and 5

Therminus-K2 obtained measurements with high precision (< 5%), meeting the corresponding
minimal Requirement 4. Requirement 5 had to be deviated from in the early design phase, due to the
minimum sizes of the available heaters.

Requirement 6, 7 and 8
Therminus-K2 meets the target Requirements 6 and 7 for respectively setup and measurement time.
The time to set up the device prior to measurement took maximum 4 minutes (tested: 5 repetitions)
when performed by an expert of Therminus-K2. The total TC measurement took 30 minutes, and a
steady state was reached within 6.94 minutes.

Requirement 8, lifetime of the device without recalibration, could not yet be tested. The target of
12 months without recalibration exceeded the duration of the project. Besides this, no recalibration of
any of the components was performed, as the device would have to be completely disassembled to do
that. However, Therminus-K2 was used for up to 16 measurements a day for up to 5 consequent days
over a period of two months. Therefore, it is assumed that Therminus-K2 meets this requirement.

Requirement 9 to 16

Requirement 9, 12, 14 and 15 could not yet be tested on the current prototype, due to the time
constraint on the project. However, Therminus-K2 meets the minimal goals for requirement 10, 11,
13 and 16. The total costs of the materials and components used in the development of Therminus-K2
were 685.87 euros. In addition, the facilities at TU Delft were used during the prototype’s
development.

Table 10. Evaluation of Therminus-K2 based on the previously set design requirements. When minimal and target values of

a requirement were equal, cells were merged. The column ‘Verified” displayed the tested values or qualitative descriptions

thereof. The requirements were evaluated based on the performed tests and on the design. Minimal and target requirements

were colored light green when partly met, dark green when fully met.
Requirement | Minimal

Performance parameters

Satisfied?

Verified

1 Range of k- 0.057 — 0.52 W/mK 0.022 - 0.7 W/mK 0.031-0.330 | Minimal and target:
values able to W/mK
measure Test-based: partly;
Design-based: yes.
2 Range of sample | 0.44 — 28 mm 0.17 — 150 mm 0.6 -8 mm Only minimal:
thicknesses able
to measure Test-based: partly;
Design-based: yes.
3 Accuracy error <8% <3% - Minimal and target:
of TC
measurement Still to be tested
4 Precision error <1% <5% Only minimal:
of TC
measurement Test-based: yes.
5 Sample 100 x 100 mm? Keep textile intact 140 x 140 Minimal and target:
dimensions mm?
needed for Design-based: no
measurement
6 Setup time < 4 minutes Test-based: yes;
7 Measurement 30 minutes; Minimal and target:
time SSin<6.94
minutes Test-based: yes
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Requirement Minimal Verified Satisfied?
8 Lifetime without | >3 months > 12 months - Minimal:
recalibration

Test-based:
expected

Physical parameters

9 Decontamination | The device should allow frequent (up to 5 - Still to be tested
times a day) cleaning with agents based on
alcohol and with RNA purification products
and should otherwise be partly disposable.

10 | Shielding Measurements | Design-based: yes
were
performed in a
laboratory

environment.

The device should The device Minimal:
allow powering by was powered
either batteries and/or | through a Design-based: yes
a12V-10A DC (car) | common wall
outlet as well asby a | outlet.

230 V-16A DC (CS
van).

11 | Power supply

The encased device should meet the test for - Still to be tested
rough handling shocks (NEN-EN-IEC 60069-
2-31:2008) and (non)repetitive shocks (NEN-
EN-IEC 60068-2-27:2008).

12 | Robustness

13 | Mobility Dimensions < 320x180x170 Minimal:
250x250%250 mm mm? and 1.59

and weight < 2 kg. kg** Design-based: yes

User interface

14 | Results The device should deliver both a file with the - Still to be tested
communication raw measurement data and a PDF with an
description of the measurement and its
outcome*.

15 | Simplicity The device should be intuitive and fit to use - Still to be tested
for forensic investigators and/or forensic
investigation Police employees.

Others

16 | Costs per device €685,87 euros | In current
prototype: satisfied

*: The outcome of the measurement should at least contain determined k-value [W/mK], sample thickness [mm] and time in
which a steady state measurement was established [minutes].
* Displayed size and weight is including the electronics and their housing.

7.3 Limitations

The focus of this thesis was to develop a well-performing prototype in terms of accuracy and
precision. The requirements for precision are met while the accuracy of Therminus-K2 could not yet
be quantified. Due to the focus on performance, the device’s major limitation is that it currently is not
yet applicable for use in forensic practice. The user interface still needs major improvements prior to
using it during CSI processes.

Limitations of the performance of Therminus-K2 are:

In the current prototype, the measurement uncertainty of sample thickness is the highest of all input
parameters. An uncertainty in sample thickness might result in up to 16.7% error in k-value. This
highly affects the accuracy of Therminus-K2. However, the actual accuracy of Therminus-K2 could
not be quantified as the actual k-value of the measured samples was not known. As the performed
sample compression test in section 6.3.2 could not differentiate the expected effect of sample
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compression on calculated k-value, this uncertainty might even be an underestimation (section 6.3.2
Sample Compression Test).

In the current Therminus-K2 configuration, the cold plate always exceeded the environment
temperature by about 2 °C and slightly fluctuated over time. As a consequence, the target temperature
difference over the sample was never reached and the temperature difference fluctuated over time.
This resulted the measurements being only a short time (5.25 — 15.65 minutes) of the total
measurement (30 minutes) in steady state.

The reason for the unstable heating of the Peltier elements was that these elements couldn’t cool
hard enough: the heat produced by the Peltier element was not enough dissipated to the environment.
Another cause of the short period in which the system was in steady state might be due to the noise in
sensor data. This resulted in need for filtering sensor and PWM output data. Especially as noise in
sensor data translates to noise in PWM output data, this might have affected the steady state period.

Furthermore, the resolution of PWM signals that can be outputted is quite small (8 bits). This
limits the resolution in which the heaters and Peltier elements can be controlled.

In general, it should be considered that only three or five repetitions per sample and per tested variable
were performed.

7.4 Recommendations

Accuracy

The accuracy of Therminus-K2 should be determined by measuring samples both with Therminus-K2
and with an ISO classified TC measurement device as reference (Requirement 3). However, it is
recommended to investigate the effect of the calculated k-value of a real textile sample that surrounded
a deceased on the achieved PMI by inputting it in the PHOEBE model. Then, these PMI outcomes
could be compared to those achieved without using Therminus-K2 to determine the k-value of the
textile samples. These results may show the impact of using Therminus-K2 on the achieved PMI,
which will hopefully substantiate the need for a TC measurement device in the PHOEBE model.
However, this validation could not be performed within the available time for this thesis.

It is recommended to improve the sample thickness measurement, having the highest measurement
uncertainty, in order to increase the accuracy and precision of Therminus-K2. An automized method to
measure the thickness of the tested sample should be used. Automatic distance or displacement
sensors between the plates (Table 2) would remove inter- and intra-observer bias that is created when
using a digital caliper and improve the ease of use of the device (Requirement 15). However, this
feature was not yet implemented due to the time constraint of the project.

It is recommended to repeat the fabric compression test when using automatic methods to
determine sample thickness. Furthermore, it should be elucidated which state of sample compression
should be used during measurements. This should ideally correspond with the compression state in
which the textile layers surrounded the deceased. In practice, adding a possibility for adjustable fabric
compression may be an additional new requirement for an improved prototype.

Furthermore, the assumption about the conversion from the PWM signal (based on a PID control) to
the power outputted by the main heater should be validated. If this assumption is invalid, a INA260
current-voltage-power sensor or another method to determine the power should be used in the TC
calculation [83].

Besides this, it is recommended to aim for a larger temperature difference between the hot and the
cold plate, which would result in a smaller effect of the temperature sensor uncertainty (section 6.2).
This should however be carefully considered, as a larger temperature difference would need a longer
time to be reached, which would increase the total measurement time (Requirement 7). Therefore,
temperature sensors with higher accuracies might be used, when small temperature difference are
tested.
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Precision

With a precision of < 5%, Therminus-K2 is close to the 2% overall measurement uncertainty that can
be obtained with GHP measurements according to the ASTM (section 2.1) [60]. In order to reach the
target precision of < 1% as set in Requirement 4, multiple improvements may be applied:

At first, the sources of the sharp transients in temperature data should be identified and
eliminated. During measurement, it seemed likely that the Peltier element configuration affected the
high transients in temperature data. Shielded Twisted Pair (STP) cabling may reduce electromagnetic
radiation from the pair and crosstalk between neighboring pairs. Furthermore, STP cabling improves
rejection of external electromagnetic interference (EMI).

Secondly, the cooling of the Peltier elements may be improved or another cooling solution may be
used. To allow the Peltier elements for better and more stable cooling of the cold plate, it must be
ensured that the heat produced by the Peltier elements can better dissipate to the environment. This
could be achieved by using water-cooled CPU coolers that are used in desktop computers. Then, both
a higher precision (Requirement 4) and a shorter measurement time (Requirement 7) may be
achieved.

It is recommended to use an Arduino Due instead of an Arduino Mega, as in the Arduino Due the
default 8-bit PWM can be changed to a 12-bit resolution [84]. This would result in a higher output
resolution and might result in a higher overall measurement accuracy and precision.

Other performance requirements

More textile samples should be tested to verify the full range of k-values that the Therminus-K2 can
measure and identify (Requirement 1 + 2). The k-values and thicknesses of these samples should be
spread over the full range of allowable values predetermined by the specifications of the Therminus-
K2 prototype (section 5.2.4).

To reduce the sample dimensions needed for testing, one may use heaters with smaller,
customized dimensions (Requirement 5). However, smaller heaters would reduce the allowable
sample thicknesses that can be measured (Requirement 2). Therefore, a tradeoff should be made in
importance of these requirements.

The lifetime of the device without need for recalibration (Requirement 8) should still be
determined. Preventively, the electronics housing may be improved to ensure shielding of the
MOSFETSs against static electricity and prolong the devices lifetime. Currently, an anti-electrostatic
mat and an anti-electrostatic wristband are used to prevent this, which are not pratical for use by
forensic investigators at a crime scene.

Requirements for physical parameters, user interface and costs

There is a great deal to be gained in these requirements (Requirement 9 — 16) prior to implementing
the use of Therminus-K2 during CSI processes. The prototype first needs to be further developed
before these requirements are to be tested.
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8. CONCLUSION

This study aimed to design, develop and test a fast (< 90 minutes), accurate (< 8 %) and precise (<
5%) measurement device that can determine the thermal conductivity coefficient (k-value) of textile
layers at or around a crime scene and deliver measurements fit for use in the PHOEBE cooling model.
It was investigated whether this design goal could be achieved with a simple and inexpensive solution.

Through multiple design steps the Therminus-K2 prototype was developed. This device, based on the
Guarded Hot Plate technique, uses a back heater and four guard heaters to ensure all heat generated by
the main heater only flows one dimensionally through the textile sample. The developed prototype,
only using simple and low-cost components, was tested on textile samples (0.6 — 8 mm thick) and
identified k-values from 0.031 — 0.257 W/mK, with high precision (< 5%) within a short measurement
time (30 minutes). Within an even shorter period (< 6.94 minutes), the system reaches its first moment
of steady state.

All in all, Therminus-K2 gives impressive results in thermal conductivity calculation. It delivers
precise, fast and affordable measurements of the thermal conductivity coefficients of textile samples.
After a subsequent design phase in which the user friendliness of Therminus-K2 is further improved,
the device will show great promise for future implications: using the output of this device in the
PHOEBE model to determine the early Post Mortem Interval of a victim at a crime scene.
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All supplementary data that is used during this project is combined on a flash drive that is in
possession of dr. ir. A.J. Loeve from the 17" of June 2022 onward.
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Sub-solutions —

Sub-functions

APPENDICES

A. Extension to the Morphologic Chart: sub-solutions to Position Textile Sample

Insert textile Sleeve Cut and insert Adaptable (both
sample 4 sleeving and cutting
possibilities)
Clamp sample [ Linear with Linear with moving | Rotational parallel Rotational angular
between standing guidance guidance clamping clamping (scissors)
measuring ) @ -
plates ﬁt @; | Scree
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o B >

Table 11. Sketch of an extension to the Morphologic Chart in Table 2. Solutions on how to position a textile sample within a
TC measurement device are suggested.
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B. Established Temperature Distributions in Simulation 4.2

Below the results of simulation 4.2 showing the temperature distribution across the Al7075 plate and
the cotton sample (which is situated below the Al plate) are displayed. Both Al7075 plate thickness
and cotton sample thickness are varied.

Hot plate with thermal foil

e = w = = = = w = w» -

—
0.17 mm
co
sample

Figure 37. Cross-section of the steady state temperature distribution in a thermal foil — Al7075 plate (1 mm) — cotton sample
(0.17 mm) configuration.

Hot plate with thermal foil

—Izmm

0.17 mm CO
sample

Figure 38. Cross-section of the steady state temperature distribution in a thermal foil — AI7075 plate (2 mm) — cotton sample
(0.17 mm) configuration.

Hot plate with thermal foil

5 mm Al

)_3,17 mm
CO sample

Figure 39. Cross-section of the steady state temperature distribution in a thermal foil — Al7075 plate (5 mm) — cotton sample
(0.17 mm) configuration.

Hot plate with thermal foil

= 1 mm Al

25 mm
thick CO
sample

Figure 40. Cross-section of the steady state temperature distribution in a thermal foil — AI7075 plate (1 mm) — cotton sample
(25 mm) configuration.
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Hot plate with thermal foil
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Figure 41. Cross-section of the steady state temperature distribution in a thermal foil — Al7075 plate (2 mm) — cotton sample
(25 mm) configuration.
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Figure 42. Cross-section of the steady state temperature distribution in a thermal foil — AI7075 plate (5 mm) — cotton sample
(25 mm) configuration.
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C. Preparation, Calibration and Validation of the Temperature Sensors

Introduction

Thin (film) temperature sensors are needed in the control loop to regulate the temperatures at the hot
and cold surface plates near the sample. The resistance of the NTC thermistors decreases with
increasing temperature, making them easy and straightforward to use. Prior to using these temperature
sensors in the prototype, they should be calibrated. Therefore, the goal of this procedure is to achieve
calibrated temperature sensors that can be used in the Thermins-K2 prototype. Furthermore, the
calibration of these temperature sensors will be validated.

Method
First, the temperature sensors were prepared to be used in an electronic circuit (see Procedure
Protocol A below). Then, the prepared sensors were calibrated in water baths with constant
temperatures (18 — 40 °C, increment steps of + 2 °C), see Procedure Protocol B. Finally, the calibrated
sensors were validated (Procedure Protocol C).

Sensor calibration was performed on 12 NTC sensors. In the Therminus-K2 prototype, at least 9
sensors will be needed.

Procedure protocol
A. Sensor preparation
1. Label the NTCs (1 -12)
2. Solder stranded wires (blue and red, @ 0.5 mm, length 200 mm) to the NTCs (max soldering
temperature of 260 °C)
3. Crimp insulating material around the newly made connections
4. Connect the temperature sensors to a soldered circuit board (see Figure 43)
5. Connect the soldered circuit board to an Arduino (e.g. Mega 2560)

AnalogRead in the
Arduino

Y | /N1IC] 12 k02 |

— % i it .. S =
Figure 43. Schematic and Actual Temperature sensor configuration. The 5V (max 500 mA) signal from the Arduino board
first crosses the NTC (variable resistor) and then either goes back to the Arduino (AnalogRead to read output voltage) or
continues via a constant resistor (12kQ) to the ground.

B. Sensor calibration

6. Open LabView 2018 (National Instruments)

7. Open temp 3x.vi in LabView

8. Set the reference thermocouples (n = 3) at the right environment temperature (cjc value)

9. Make sure all temperature sensors are well connected to the soldered circuit board and the
Arduino

10. Connect the Arduino to a laptop and open the Arduino Software

11. Open TemperatureSensor-Calibration.ino

12. Open the Serial Monitor in Arduino Software

13. Set a cup with water (200 mL) on an electric hot stirring plate

14. Put the reference thermocouples (n = 2) and the to be calibrated temperature sensors (n = 12)
in the water. Make sure all are electrically insulated.

15. Report the temperature determined by the reference thermocouples

16. Make sure the Serial Monitor is continuously displaying the output voltages of all individual
temperature sensors.
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17.

18.

19.

20.

21.

22.

C.

23.
24,
25.
26.
27.

28.

Results

Add some hot water to the water bath and let the temperature increase with about 2 °C until a
steady temperature is reached ( Figure 44).

Repeat steps 15 — 17 until a final temperature of 40 °C is reached.

Save data at temperatures of interest in an Excel file:
Calibration_TemperatureSensors_Vout_20220419.xlsx

Open the Excel file Calibration_TemperatureSensors_Vout 20220419.xIsx in the MATLAB
file Temperature_sensor_calibration_20220419.m

The MATLAB file interpolates the determined data points and a formula for the fitted Vout —
Temperature polynoma per temperature sensor will be outputted

Implement the output formulas in the Arduino code: TemperatureSensor-Validation.ino

Figure 44. Set up used for calibration of temperature sensors.

Sensor validation

Repeat steps 6 to 10

Open TemperatureSensor-Validation.ino

Repeat steps 12 to 17

Save data at the  temperatures of interest in  an Excel  file:
Validation_TemperatureSensors_20220419.xIsx

Open the Excel file Validation_TemperatureSensors_20220419.xIsx in the MATLAB file
Temperature_sensor_validation_20220419.m

The MATLAB file return the RMSE plots for the temperature sensors and the sensors
performing best can be selected to use in the Therminus-K2 prototype.

The results of the preparation, calibration and validation of the 12 temperature sensors is shown in
Figure 45, Figure 46, Figure 47, Figure 48 and Figure 49.

Discussion
In temperature sensor validation, the errors of the temperature sensors in relation to temperature sensor
4 were smallest. As it is most important the temperature sensors are accurate in relation to each other,
this temperature sensor is used to perform a RMSE plot on for the other sensors.

The 9 sensors having the lowest errors in relation to sensor 4 were used in Therminus-K2. Most of
these temperature sensors deviated less than + 0.2 °C from each other.
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Figure 45. Calibration results: measured data points (Vout to Tref) and their fitted polynoma.
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Figure 46. Calibration results: RMSE plot per calibrated temperature sensor.
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Figure 47. Validation results: response of the calibrated temperature sensors to a step-by-step increase in temperature over
time. Temperature sensor 8 is not displayed in this graph as it caused extreme outliers at locations of instant temperature
increment.
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Error in measured temperature in relation to the temperature measured by sensor 4
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Figure 49. Error in measured temperature over time in relation to temperature measured by sensor 4.
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D. Sensor Positioning Cold Plate

Method

The performance of the bought Peltier elements (n = 9) was tested using the setup as shown in Figure
50. Each Peltier element was tested individually. The Voltage applied to the Peltier element was
increased (0 — 1.03 V) and the achieved temperatures at the lower side of the aluminum plate were
measured. Each Peltier element was tested using the same heat sink and fan on top.

Fan ]

Heat sink

Peltier element
2 mm Al7075 plate
(

| Temperature sensor

(S N S —

N ‘
Figure 50. Configuration used for the Peltier element performance test in which a Peltier element was placed on a 2 mm

thick aluminum plate, measuring the temperature achieved on the lower side of the aluminum plate. A heat sink and a fan
were placed on top of the Peltier element for enhanced cooling.

Results

The response of the tested Peltier elements (1 to 9) to a change in applied voltage is shown in Figure
51. As the applied voltage to the Peltier element is increased, a decrease in temperature in observed.
The size of this response differs per individual Peltier element. Therefore, a test with a thermal

infrared camera is needed to see the combined effect of these nine Peltier elements on an aluminum
plate.

Temperature on the lower side of Aluminum plate [deg C]

o 0.2 04 0.6 0.8 1 1.2
Applied Voltage (V)

—+—PEl -®-PE2 @ PE3 —¢—DPE4 ——TPE5 — -TPE6 —= -PE7 —+—DE§ - a— PE®

Figure 51. Response of the individual Peltier Elements (PE) to changes in applied voltage, for Peltier element 1 (PE1) to
Peltier element 9 (PE9).
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Method

The Peltier elements were positioned on the cold plate in the 3x3 configuration that was to be used in
the final design. The Peltier elements were connected in a parallel electronic configuration. A thermal
infrared camera was positioned in a way to measure the temperature along the cold plate. During
thermal measurement, the applied voltages increased from 0 -5 V.

Results

Figure 52 shows the used setup and the obtained temperature distribution during a single moment in
time. Table 12 illustrates the temperature details of a single moment in time. During the full
measurement, temperatures within the red squared CMR did not differ more than 0.1 °C from each
other.

|

Figure 52. Infrared image of the cold plate setup measured with a thermal camera. Colors indicate the temperature
distribution across the image. The red square indicates on the cold plate indicates the CMR (conduction measurement zone)
that should be equithermal during TC measurement.

Polygon 1

Maximum
Minimum [*C]

Number of Pixels
Single Pixel Area |
Area [em?]
Length [em]
u Emissivity
u Distance [m]
Table 12. Details of a single moment during measurement.
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E. Full Electronics Scheme
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F. Photographs of the Therminus-K2 prototype

AN DS
¥y

A

Figure 55. Photograph'of Thérmius-’é main measurement part only
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G. Visualization of the Therminus-K2 layers and electronics

LAYER ‘ TOP VIEW BOTTOM VIEW
G z I~ = g 3

Back Heater Plate
Aerogel — Rubber layer

=
Qo

£

[<B]

3
<

(=)]
=

©

[<5]
I

Hot Plate
Cold Plate Assembly

=

0

S

%

<

o Fan Plate Assembly
c

IS)

O

O

Table 13. Photographs of the top and bottom view of individual layers within Therminus-K2.
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Temperature sensor 1 — 6

| ELECTRONICS FUNCTIONALITY PHOTO CIRCUIT BOARD

Temperature sensor 10 — 12

MOSFET plate used for heaters

MOSFET plate used for Peltier elements

MOSFET plate used for back heater

Table 14. Photographs of the electronics used in Therminus-K2.
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H. Measurement Protocol

Measurement protocol:

J

0 I I B

O O

1. Perform measurements in the ‘dark’ room next to the wet lab
2. Place anti-electrostatic mat underneath Therminus-K2
3. Always use the anti-electrostatic wristband when near the device
4. Check if all is well connected in the complete setup: connectors, cables, grounding
5. Place sample material between the hot and the cold plate
o E.4: surround the sample by the corresponding spacer, with known thickness
6. Lower the hot plate assembly until touching the sample
. Make sure the anti-conduction caps are correctly positioned

~

o E.1, E.2 and E.3: Use standard compression: Place five 100 gram weights equally
spread on top of the device (back heater plate) to enhance the contact between the
sample and the surface plates (to decrease the effect of contact resistance)

o E.4: Make sure the hot plate assembly is lowered until sandwiching the spacer
between the plates (e.g. ensure compression by adding 4 spring clamps around hot and
cold plate and adding extra weights (3 x 500 gram) on top of the device)

o E.1, E2 and E.3: measure the thickness of the sample material by measuring the
distance between the hot and the cold plate with a digital capiler and note in Excel file

10. Again, check if all cables are still well connected
11. Report environment temperature
12. Change coding setpoint cold temperature to environment temperature (if temperature > 0.5
set temperature). Both in Arduino and Excel.
13. Turn on the fans
14. Start the measurement (open Serial Monitor Arduino AND turn on the power supplies for
the heating and cooling components)
15. Perform measurement for:

o E.1, 15 minutes

o E.2, E.3and E.4: 30 minutes
16. Convert data from Serial Monitor Arduino to an Excel file and save as ‘yyyymdd-VOx-
DataGHPmeasurement.xIsx’.
17. Turn off the power supplies for the heating and cooling components
18. Leave the power supplies for the fans on
19. Turn on the extra fan (12V DC, 0.26 A, 120x120x25 mm) for enhanced cooling, combined
with placing an bowl of ice in front of the fan.
20. Again, report environment temperature
21. The next measurement can start when the temperature sensors of the cold plate have
cooled down to at least the ambient temperature + 3 °C.

In this measurement protocol, some abbreviations should be explained:

E.1 = Device Configuration Test

E.2 = Performance Test

E.3 = Moisture Effect Test

E.4 = Sample Compression Effect Test
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I. Original Textile Samples used for Measurements

Sample material Details Illustration Photo of the original Photo of
the sample
Cotton (100% ZEEMAN
CO) undershirt
0.6 mm thick Size L
Polyester (100% Love to Lounge
PES) long sleeve
2 mm thick Size S
Polyester/Cotton Panther
(65/35 %
PES/CO) joggers Size XL
1.4 mm thick
Denim (CO) H&M
skirt
0.8 mm thick Size 38

Acrylic/polyester
(PAN/PES) fur
coat

8 mm thick

Vroom & Dreesman

Size 44

Nylon/polyester
(NY/PES)
padded jacket
3 mm thick

ONLY

Size XL

Table 15. Details about the textile pieces used in the tests for TC measurement.

All textile was collected at the thrift store: Kringloop Actief Boxmeer.



J. Extended List of Components used in Therminus-K2

Number of PART NAME MATERIAL MANUFACTURING

components

1 Back heater plate Al 7075 Lasercutting and filing

1 Hot Plate Al 7075 Lasercutting, filing and milling

1 Cold plate Al 7075 Lasercutting, filing and milling

1 Fan plate Al 7075 Lasercutting, filing, milling and screwtapping

8 Thermally insulating caps PLA 3D-printing (Multimaker)

4 Lower stand PLA 3D-printing (Multimaker)

4 Supports PLA 3D-printing (Multimaker)

2 Spacers PLA 3D-printing (Multimaker)

3 Spacers PMMA Lasercutting and filing
Housing PLA 3D-printing (Multimaker)

Table 16. Material and manufacturing method of custom-designed components. Technical drawings made in SolidWorks are
visualized in Appendix K.

Number of

components

COMPONENT | Link to website supplier (accessed on 02-06-2022)
NAME

1 Back heater foil | https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-
12-v-ac-15-w-beschermingsgraad-ipx4-90-mm-189177.html
1 Main heater foil | https://www.conrad.nl/nl/p/conrad-components-polymide-verwarmingsfolie-12-v-dc-48-
W-1-x-b-60-mm-x-60-mm-1484113.html
4 Guard heater https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-
foils 12-v-ac-10-w-beschermingsgraad-ipx4-1-x-b-100-mm-x-40-mm-1216593.html
9 TTF-103 NTC https://www.conrad.nl/nl/p/tru-components-ttf3a103f34d3ay-temperatuursensor-40-tot-
Thermistor 100-c-10-k-3435-k-radiaal-bedraad-1567376.html
4 Thermal grease | https://hackerstore.nl/Artikel/862
1 Thermal https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A- -
Adhesive google- -DSA NL NL HVAC+%26+Fans+%26+Thermal+Management_Index- -
Thermal+Grease%7C+Products- -DYNAMIC+SEARCH+ADS&matchtype=&aud-
827186183886:dsa-1642038826060&gclid=CjwKCAjwv-
GUBhAZEIiwASUMmM4sxfdBiamWNKXqe81QjjLjmOtrPapgxwYyay19vIJt8Hf7Rk67G5-
RoCpJWQAVD BwE&qgclsrc=aw.ds
9 Peltier Elements | https://hackerstore.nl/Artikel/293
9 HeatSinks https://hackerstore.nl/Artikel/792
9 Fans https://hackerstore.nl/Artikel/679
1 Arduino Mega https://hackerstore.nl/Artikel/2
2560
5 Prototyping https://www.conrad.nl/nl/p/tru-components-supcb001-printplaat-vertind-zonder-cu-laag-
boards epoxide-1-x-b-98-mm-x-76-5-mm-rastermaat-2-54-mm-inhoud-1-1572163.html
40 Connectors https://www.conrad.nl/nl/p/phoenix-contact-1778832-female-behuizing-kabel-ptsm-
female totaal-aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733781.html
40 Connectors https://www.conrad.nl/nl/p/phoenix-contact-1778625-male-behuizing-board-ptsm-totaal-
male aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733925.html
15 MOSFET https://www.conrad.nl/nl/p/infineon-technologies-irlz44npbf-mosfet-1-hexfet-110-w-to-
IRLZ44NPBF! 220-162877.html
15 Heat Sink https://www.conrad.nl/nl/p/assmann-wsw-v7236c¢1-koellichaam-21-k-w-I-x-b-x-h-19-05-
X-13-21-X-12-7-mm-t0-220-183931.html
20 meter Wires 22 AWG | Aansluitdraden set met solide kern - 6x 7,5M - 22AWG / 0.35mm? (Kiwi-electronics.com)
(0.35 mm?)

Table 17. Link to the websites the components delivered by external suppliers were retrieved from.

! During the design setup, major care was given to the IRLZ44NPbF MOSFETS, which are very sensitive to static electricity.
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https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-12-v-ac-15-w-beschermingsgraad-ipx4-90-mm-189177.html
https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-12-v-ac-15-w-beschermingsgraad-ipx4-90-mm-189177.html
https://www.conrad.nl/nl/p/conrad-components-polymide-verwarmingsfolie-12-v-dc-48-w-l-x-b-60-mm-x-60-mm-1484113.html
https://www.conrad.nl/nl/p/conrad-components-polymide-verwarmingsfolie-12-v-dc-48-w-l-x-b-60-mm-x-60-mm-1484113.html
https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-12-v-ac-10-w-beschermingsgraad-ipx4-l-x-b-100-mm-x-40-mm-1216593.html
https://www.conrad.nl/nl/p/thermo-tech-polyester-verwarmingsfolie-zelfklevend-12-v-dc-12-v-ac-10-w-beschermingsgraad-ipx4-l-x-b-100-mm-x-40-mm-1216593.html
https://www.conrad.nl/nl/p/tru-components-ttf3a103f34d3ay-temperatuursensor-40-tot-100-c-10-k-3435-k-radiaal-bedraad-1567376.html
https://www.conrad.nl/nl/p/tru-components-ttf3a103f34d3ay-temperatuursensor-40-tot-100-c-10-k-3435-k-radiaal-bedraad-1567376.html
https://hackerstore.nl/Artikel/862
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://nl.rs-online.com/web/p/thermal-grease/7259975?cm_mmc=NL-PPC-DS3A-_-google-_-DSA_NL_NL_HVAC+%26+Fans+%26+Thermal+Management_Index-_-Thermal+Grease%7C+Products-_-DYNAMIC+SEARCH+ADS&matchtype=&aud-827186183886:dsa-1642038826060&gclid=CjwKCAjwv-GUBhAzEiwASUMm4sxfdBiamWNKXqe81QjjLjm0trPapgxwYyay19vlJt8Hf7Rk67G5-RoCpJwQAvD_BwE&gclsrc=aw.ds
https://hackerstore.nl/Artikel/293
https://hackerstore.nl/Artikel/792
https://hackerstore.nl/Artikel/679
https://hackerstore.nl/Artikel/2
https://www.conrad.nl/nl/p/tru-components-supcb001-printplaat-vertind-zonder-cu-laag-epoxide-l-x-b-98-mm-x-76-5-mm-rastermaat-2-54-mm-inhoud-1-1572163.html
https://www.conrad.nl/nl/p/tru-components-supcb001-printplaat-vertind-zonder-cu-laag-epoxide-l-x-b-98-mm-x-76-5-mm-rastermaat-2-54-mm-inhoud-1-1572163.html
https://www.conrad.nl/nl/p/phoenix-contact-1778832-female-behuizing-kabel-ptsm-totaal-aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733781.html
https://www.conrad.nl/nl/p/phoenix-contact-1778832-female-behuizing-kabel-ptsm-totaal-aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733781.html
https://www.conrad.nl/nl/p/phoenix-contact-1778625-male-behuizing-board-ptsm-totaal-aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733925.html
https://www.conrad.nl/nl/p/phoenix-contact-1778625-male-behuizing-board-ptsm-totaal-aantal-polen-2-rastermaat-2-50-mm-1-stuk-s-733925.html
https://www.conrad.nl/nl/p/infineon-technologies-irlz44npbf-mosfet-1-hexfet-110-w-to-220-162877.html
https://www.conrad.nl/nl/p/infineon-technologies-irlz44npbf-mosfet-1-hexfet-110-w-to-220-162877.html
https://www.conrad.nl/nl/p/assmann-wsw-v7236c1-koellichaam-21-k-w-l-x-b-x-h-19-05-x-13-21-x-12-7-mm-to-220-183931.html
https://www.conrad.nl/nl/p/assmann-wsw-v7236c1-koellichaam-21-k-w-l-x-b-x-h-19-05-x-13-21-x-12-7-mm-to-220-183931.html
https://www.kiwi-electronics.com/nl/aansluitdraden-set-met-solide-kern-6x-75m-22awg-0-35mm-1377?msclkid=28a99bf01b131f94b88ff96866e83a1e&utm_source=bing&utm_medium=cpc&utm_campaign=DSA%20-%20NL&utm_term=kiwi-electronics&utm_content=z,%20All%20products

Number of | COMPONENT NAME SPECIFICATIONS
components
3 Power supply Delta Elektronica (max 30V, 5 A DC each)
2 Aerogel Spaceloft (5 x 140 x 140 mm)
1 Rubber ~0.5 W/mK (5 x 60 x 60 mm)
9 Aluminum tape 15x15x 0.2 mm
36 Bolts Steel, M3, 6 mm length
8 Screwthread Steel, M3, 150 mm length
Resistors for MOSFET circuitries | 10 kQ + 5 % uncertainty
15 Resistors for temperature sensor 12 kQ + 5 % uncertainty

circuitries

Table 18. List of extra components and materials used in Therminus-K2 with some small specifications.
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K. Technical Drawings of Custom-designed Components

Component needed to fabricate prototype:

1.

Mold for gluing Peltier elements to cold plate — made from PLA

Component needed for Sample Compression Test:

2.

Spacers for compression test - made from PLA

Components used in prototype:

3.

© oo N O

Back heater plate + cold plate — made from Al7075

Hot plate : main heaters + guards heaters — made from Al7075
Fan plate — made from Al7075

Thermally insulating caps - made from PLA

Housing electronics - made from PLA

Support - made from PLA

Lower stand - made from PLA
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1. Mold for gluing Peltier elements to cold plate
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2. Component needed for compression test

Fabricated at thicknesses: 1, 1.5, 2, 4 and 6 mm.
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3. Back heater plate
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4. Hot plate : main heaters + guards heaters
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5. Cold plate
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6. Fan plate
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7. Thermally insulating caps

4 l

w
N

D

. ® 6,50
-

i
(@] (@]
Q X
™ —
| ©4,30 |
- | -~
\.
o} o o
i [ 5P 0
- o) P ~0
//
UNLESS OFHERWISE SPECIFED: | = MISH: DEBLIZR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DRINGESCALEDRAWNG I REVISION
SURFACE FINISH: EDGES
OLERANCES:
UNEAR:
ANGULAR:
NAME SIGNATURE DATE TMLE:
DRAWN
CHED
APPYD)
Alwro
QA MATERIAL: DWG NO.
Th ly Insulating
WEIGHT: SCALEET | skEeT1or
— —

4 | 3 2 | 1




8. Housing electronics

A. Housing — base
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B. Housing — mid
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C. Housing - top
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9. Support
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10. Lower stand
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L. Data Sheets of some (electronic) components

Data sheets are shown for the following components:
e Heaters: main, guard and back
e Temperature sensors
e MOSFETs
e Thermal adhesive glue

Peltier elements were ordered via Hackterstore.nl. Unfortunately, this company does not accompany
their products with datasheets.

Main heater

(CINRAD

COMPONENTS

DATASHEET

Thermal Foil, 60 * 60 mm Version 1216

TN
B)

Size:B0*60mm

Volage: 12V

Power:48W

Material:Polymide (PI)

Thickness:0.3mm +/-0.02mm (including adhesive)
Operation Temp:-20C~100C

Operation Humidity: 10%~100%

Storage Temp:-20C~100C

Storage Humidity: 10%~100%

Max surface temperature: 250C

Element resistance: 2.7-3.30

Wait density chart: 48W

Max. Power/CM2:0.5WICM2

Polymide :50*70*0.05mm (2PCS )

Alloy Heating wire: 50*70*0_04mm (1PCS )
Cable:UL1332% 24AWG Black L=200mm (2PCS )
3M467 adhesive(1PCS)

lhuupdﬂmhy@ur'dﬂdmi:ﬁ,wbl D-32240 Hirsche (werw.conred com].

&l Fighits including banslstion reserved. Repmducion by sny method, 2. Mmp]'mﬂinng,wﬁeqﬂmmd:ﬂnﬂ:dﬁm:}dﬂm
require fhe price wrilien sppeoval by the edilor. Repeiniing, slso in par, is prohibiied. This publicafion represent fhe bechnical sisius of the Bme of prinfing.
& Copyright 2014 by Conrad Bestronia 55
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Guard heater

Conrad Electronic
Artikelnr: 1216593

thermo

Datenblatt
Datasheet
Nennspannung:
Nominal Voltage:

Nennleistung:
Effective Oufput:
Abmessungen:
Dimenszions:

Oberflachentemperaturt:

Surface femperatura*™®;

Sicherheitsthermostat:

Safety Thermostat:

Regelthermostat:
Thermostat:

Dicke:

Trager:

GCarmier:
Klebeband:
Adhesive Tape:
Klebstoffiyp:
Adhesive:
Versiegelung:
Sealing:
Elekiro-Anschluss:

Temperaturbereich:

Temperature Range:
RoHS konform:
RoHS compliant:

Schutzrad:
Degree of Profection:

Bemerkung:

Comment

Heizfolie
heater

12 V (AC oder DC)
10 W +-10%

40 x 100 mm
1.67"x 3,047

ca. 115 °C

approx. 239 °F

nicht vorhanden

iz not installed

nicht vorhanden

iz not instaled

ca. 040 mm

approx. 0,027

Polyesterfolie 125 pm

125 microns polyester foil
Flammhemmendes Polyesterklebeband mit Schutzpapier
FHame-refardant polyesfer tape with profective paper
Modifiziertes Acrylat

Modified acrylate
Hochtemperaturbestandiger Dichitstoff
High-temperafure regisfani sealant

Kabel FL 2x 0.38 mm?, Lange ca. 250 mm
cable FL 2x 0.38 mm? length approx. 250 mm
40 °C bis + 95 “C {(Daverbelastung)

Long term loading -40 °F up fo max. +203 °F
Ja

yes

IP x4

Achtung: Aufgrund hoher Heizleistung, bezogen auf die Flache, kann die
Heizfolie je nach Einbausituation, ohne ausreichende Kilhlung oder
Temperaturregelung, Oberhitzen und dadurch zerstart werden!

Attention: Cwverheating and the resulting destruction, as a consequence of
high heating power of the heating foil, can be prevented by providing enough
cooling or temperature control, depending on the positioning of the high power
heating foil.

* Heizfolie frei in der Luft hangend, die Warmeabgabe erfolgt nur an die Umpebungshoft

*® Temperature was measured with the heater suspended freely in the air, the heat
was onby given off to the ambient air

0814
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Back heater

thermo

Conrad Electronic
Artikelnummer: 189177

Datenblatt Datasheet
Heizfolie heater
Hennspannung: 12V

Nominal Voltage:

Hennleistung: 15W +-10%
Effective Oufput:

Al_::messungen [mm/Zoll]:

Durchmesser = 90 mm f 3.54"°

Dimenazions [mminch]: Diameter = 30 mm / 3.54~

Oberflachentemperaturt: ca. 95°C

Suwrface femperature®®: approx. 203 °F

Regelthermostat: ohne

Thermostat: without

Sicherheitsthermostat: ohne

Safety Thermostat withaut

Dicke: ca. 0,4 mm {0.016")

Thicknesa: approx. 0.4 mm (0.0467

Trager: 125 um Polyesterfolie

Carrier: 125 micronz palyester foil

Klebeband: Flammhemmendes Polyesterklebeband m. Silikon-Schutzpapier
Adhesive Tape: FHame-retardant polyesfer fod with ziicon protective paper
Klebstoff: Meodifiziertes Acrylat

Adhesive: Modified Acrylate

Versiegelung: Hochtemperaturbestindiger Dichtstoff

Sealing: High-femperature resistant sealant
Elektro-Anschluss: Zwillingskabel 2x 0,75 mm*

Electrical Connection: Double cable 2x 0.75 mm?

Temperaturbereich:

Dauerbelastung -40 *C (-40 *F) bis max. +95 °C (+203 °F)

Temperature Range: Long term loading -40 °C (<40 °F) up fo max. +35 °C [+203 "F)

RoHS konform: Ja

RoH5 complian: yes

Schutzrad: IP X4

Degree of Profection: P x4

Bemerkoung: Achtung: Aufgrund hoher Heizleistung, bezogen auf die Flache, kann die
Heizfolie je nach Einbausituation, ohne ausreichende Kihlung oder
Temperaturregelung, iberhitzen und dadurch zerstart werden!

Comment: Attention: Cwerheating and the resulting destruction, as a conseguence of

high heating power of the heating foil, can be prevented by providing enough
cooling or temperature control, depending on the positioning of the high power
heating foil.

* Heizfiolie frei in der Luft hangend, die Warmeabgabe erfolst nur an die Umgebungshuft

** Temperature was measured with the heater suspended freely in the air, the heat
was only given off to the ambient zir
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Temperature sensors

Distributed by Conrad Electronic SE + Klaus-Conrad-Str_1 = [-92240 Hirschau

=
w Datasheet
O ltem no. 1567376 N
=
TRUS
O
NTC Thermistor : TTF Series
Insulation Film Type for Temperature SensingCompenaalion
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B Recommanded Applicatons
7. ey e spplisntes .
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[ 1.2 2 1®
#-pfact Ty o Oplong Sulte |
TR |y [ . EEEE
“F HTC Tl SEPipaenl
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Thiz in a publicaion by Conmd Bleckonic SE, Kisus-Conmé-Sk. 1, 022240 Hirschau fasnw.conesd com).

&l rights inchading fransiafion resersed. Reproduchion by amy mefhod, e.g. pholoeopy, micofiming, or the caphure in decironic dols processing sysiems require the prior weitien spprol by
fhe edifor. Reprinting, abse in part, is prohibied. This publicaion represents the iechnical sizfus ai the fime of prinfing.

& Copyright 28 by Gonrad Seotronio 5.
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MOSFETS

International
TR Rectifier

Logic-Level Gate Drive

Advanced Process Technology

Dyniamic dv/idt Rating

175°C Operating Temperature

Fast Switching

Fully Avalanche Rated

Lead-Free

Description

Fifth Generation HEXFETs from International Rectifier
utilize advanced processing technigues to achieve the
lowrest pos sible on-resistance per silicon area. This benefit,
combined with the fast switching speed and ruggedized
dewvice design that HEXFET Power MOSFETs are well
koo for, prosddes the designer with an extremedy efficiant
device for use in awide vanety of applications.

The TO-220 package is universally prefemed for all
commercisHndustrial applications at power dissipation
leves i approsd matdly S0waitts. The low thermal resistance
and low package cost of the TO-Z30 contribute to its wide
acceptance fhroughout the indusiry.
Absolute Maximum Ratings

L B B B

PD- 94831

IRLZ44NPbF

HEXFET® Power MOSFET

D
Voss = 55V

Rpsyon) = 0.0220

Ip=47TA

[Par am eter
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ol Te = 25°C Confimuous Drain Gurrent, Was § 10V

aT [
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[
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[
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Exn
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11 .

dldt
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T
Tera

Operating Junction and
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Thermal Adhesive Glue

Thermal Management Sclutions

Technical Data Sheet

—

e ok g

i e .

B S

ELECTROLUBE

THE S2LUTI0MS PEOPLE

TCOR

Thermally Conductive RTV (Oxime)

TCOR is a single component, 100% sclids, low odour silicone RTV which cures upon exposure fo atmospheric
moisture. It has been designed to fill the gap between device amd heat sink, thus reducing the themnal
resistance. It can be applied around components and power resistors to dissipate excess heat to heat sinks,
avoiding any potential overheating and subsequent failures. It can also be used as a low bond sirength
adhesive, sealant or gasketing compound.

Page 1

» Higher bond strength than standard RTVs; can be used as a sealant or thermal adhesive
# High thermal comductivity; combines adhesive properties with efficiency of heat dissipation
* \lery wide operating temperature range; combines properties required for the automotive market
* Single component, non-slump; ideal for applications requiring a higher viscosity product
Approvals RoHS Compliant (2002/95/EC): Yes
Typical Properties Caolour: White
iscosity {@ 1rpm (Pa sk 1410-150
Consistency: Non-5lump Paste
Drensity @ 20°C (gfml): 23
Shrinkage on Cure =0.2%
Skim Forming Rate™: 10-15 minutes
Cure Time {@ 20°C™ 24 hours
"Curing rate and skin forming s dependent wpon ambient conditions of iemperature and humidity
Cured Properties: Thermal Conductivity: 18 WimK
Temperature Range: -50 to +230°C
Maximum Operating Temperature (30mins) +250°C
Shore Hardness: ATS
Tensile Strength: 2 MPa
Peeal Strength: =4 Kgf (aluminium}
Tear Strength: 1.52 Kgf
Breaking Strength: 4.30 Kgf
Blongation at Break: 0%
Dielectric Stremgth: =8 k\Vimm
Blectrical Insulation: 1x 10™ Ohmi/em
Description Packagi Order Code Shelf Life
Themally Conductive RTV {Oxime) 75mil Syringe TCORTES 12 months
Dispensing Gun for 75m) Svringe 1 Unit TCRGUNB Nat Applicable
i
Al rdarmelion is epizrd zith Bab ittt wearanly, Propesbos ane sfeer ae s oquide mabe oo shaud s L.-_" l.‘:l-_"lsls'._ I .I:G'_: 1.A
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M. Arduino Code used for Data Acquisition
Libraries to determine VtoT and PID are available at the flash drive that is to be possessed by dr. ir.

A.J. Loeve.

// Libraries for LCD

#include <Wire.h>

#include <LiquidCrystal I2C.h>
LiguidCrystal I2C lcd(0x27, 20, 4);

// Library for temperature sensor

#include <VtoT.h>

// Library for PID controller
#include <PID.h>

float Time;

float Tenv = 22.5;

J ek ek ok ok ok ok ke ke ek

// Temperature sensor pins,

variables and constants

S ARk ke ke ke ok ke ke Rk ok ok ok ok ok kR ok ke ko ok ke ke ke ok ke ok ke ke

double Tmeas

= 0.

int intPinMax =

double Vmax = 5

byte calType

=15

07

1023;

//max value an analog read pin can have

//working voltage used for temperature sensors

//calibration curve type used for calibration. 1 = polynomial, 2 =steinhart-hart

// Temperature sensor pins

int pinT0l =
int pinT02
int pinTO03
int pinT04 =
int pinTO05 =
int pinT06 =
int pinT07 =
int pinT08 =
int pinT09 =
int pinTl0 =
int pinTll =
int pinTl2 =

// Temperature measurement variables
double Tmeas01;

AS;

= A9;
= Rl10;

All;
Al2;
Al3;
AT;
RE;
AS;
RZ;
Al;
AO;

double Tmeas02;

double Tmeas03;

double Tmeas04;

double Tmeas05;

double Tmeas06;

double Tmeas07;

double Tmeas08;

double Tmeas09;

double TmeaslO;

double Tmeaslly;

double TmeaslZ;

double Tmainheat;

double Tcold;

// BRnalog IN pin of sensor 01

// average T-main-hot sensors

// average T-cold-plate sensors

// Temperature measurement coefficients
double calCoefsT01[3] =
double calCoefsT02[3] =

{
{

-11.4007,
-13.8369,

5.3484,
8.7169,

2.8661);
2.32e7)s

// Temperature measurement of sensor 01

//coefficients for an n-th order polynomial,

starting from O0-th
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double
double
double
double
double
double
double
double
double
double

calCoefsT03[3]
calCoefsT04[3]
calCoefsT0S5[3]
calCoefsTO6[3]
calCoefsT07[3]
calCoefsT08[3]
calCoefsT09[3]
calCoefsT10[3]
calCoefsT11[3]
calCoefsT12[3]

{
{
{

~17.8685,
-14.5849,
-10.1565,
-12.6369,
-19.2046,
-16.5307,
-8.5646,

-10.1565,
-16.7033,
~14.6098,

1€.1408, 1.0563};
10.7963, 1.9612};

4.8368,
6.3822,

2.9288};
2.6672};

19.7075, 0.4042};
10.7552, 2.0131};

3.4738,
4.8368,
9.2389,
8.6946,

3.1317};
2.9288};
2.1784};
2.3689};

byte calCoefsNR = sizeof(calCoefsT01l) / sizeof (calCoefsTO1[0]);

//serial.println("calCoefsNR = " + String(calCoefsNR}); // For debugging

AR R R R Rt T T T

// PID variables and constants

J e ek ok e ko ok ok ke ko ok ek ok

float setpointcold = -Tenv; //degrees setpoint temperature
float delta T = 10; // Temperature difference betwsen the plates
float setpointhot = -setpointcold + delta T; //degrees setpoint temperature

float setpointg = setpointhot; // setpoint guard and back heaters

//PID constants main heater

double Ep_1 =
double Ri_1 =
double Rd_1 =

30;
0.01;
10;

double PWMmaxH = 64; // Maximum PWM value for safety reasons

//PID constant
double Rp 2 =
double RKi 2 =
double Kd 2 =
double PWMmMaxGl

//PID constant
double Ep € =
double Ki_6 =
double Kd € =
double PWMmaxC

//PID constant
double Ep 7 =
double RKi_7 =
double Kd 7 =
double PWMmaxp

[ Rk ko ko

// output (hea
J7 RERERRERE AR

int gateHPmain
int gateHPgl =
int gateHPg2 =
int gateHPg3 =
int gateHPg4 =
int gatePEl =

int gatePEZ = 9

int gatePE3 =
int gatePE4 =

s guard heaters
50;

0.05;

1007

H = 90;

s peltier elements
4;
0.001;
10;
= 10;

s back heater
805

0.1z

10;

H = 220;

ke ke ke kA ke ke ko Rk ko ke Rk kK kR Kk ok K Kk

ting) pins, wvariables and constants
kR Rk kA Ak

= 4; // The pin the digital output PWM for the main HP is connected to
5; // The pin the digital ocutput PWM for the guard heater 1 is connected to

//number of calibration coefficients provided
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int gatePES = 45;
int gatePE6 = 7/
int gatePE7 = 11;
int gatePES = 10;
int gatePES = 44;
int gateBH = 46/

each T sensor so
intPinMax,
intPinMax,
intPinMax,
intpPinMax,
intpPinMax,
intpPinMax,
intpPinMax,
intPinMax,
intPinMax,
intPinMax,
intPinMax,
intPinMax,

//Make a class for
VioT w2t01 (pinTO1,
VioT w2t02 (pinT02,
VioT w2t03 (pinT03,
VtoT w2t04 (pinT04,
VtoT v2t05 (pinT05,
VtoT v2t06 (pinT06,
VtoT v2t07 (pinT07,
VtoT v2t08 (pinT08,
VtoT v2t09 (pinT09,
VtoT v2t10 (pinT10,
VtoT v2tll (pinTlil,
VtoT v2tl12 (pinTi2,

you only have to put
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,
calCoefsNR,

Vmax, calType,

Vmax, calType,
Vmazx,
Vmax,
Vmax,
Vmax,
Vmax,
Vmax,

calType,
calType,
calType,
calType,
calType,
calType,
Vmax, calType,
Vmax, calType,
Vmax, calType,
Vmax, calType,
// Make a class for each PID controller

PID pid0il(Tmainheat, setpointhot, Kp_1, Ki_1, Kd_1, PWMmaxH);
PID pid02 (Tmeas01, Ep_2, Ki_2, Kd_2, PWMmaxGH); //
PID pid03 (Tmeas03, Kp_2, Ki_2, RKd_2, PWMmaxGH); //
PID pid04 (Tmeas02, setpointyg, Kp 2, Ki_2, Rd 2, PWMmaxGH); //
PID pid05 (Tmeas04, setpointyg, Kp 2, Ki_2, Rd 2, PWMmaxGH); //
PID pid06(Tceld, setpointcold, Kp_ 6, Ki_6, Kd_6, PWMmaxC); //
PID pid07 (Tmeasl2, setpointg, Kp 7, Ki_7, Kd 7, PWMmaxBH); //

setpointg,
setpointg,

B E T R LR T T

/7
// Setup and display initial screen
[ ek kR ek ko k ok ok kR ok kR ok Rk kR ko kKK
void setup() {
// The setup code,
Serial.begin(9600);
tln("Hi there,

to run once:

Serial.r setup done!™);
Serial.

Serial.

void loop() {
// The main code, to run repeatedly:

// Start Time measurement

Tmeas01 .CaleT ()7
Tmeas02 .caleT ()
Tmeas03 = SCaleT ()7
Tmeas04 SCaleT ()7
Tmeas05 .CalcT ()7
Tmeas06 = .CalcT ()7
Tmeas07 .CaleT ()5
Tmeas08 .CaleT ()7
Tmeas09 .CaleT ()7
Tmeasl0 SCaleT ()7
Tmeasll = SCaleT ()7
Tmeasl2 = w2t12.CalcT ()7
Tmainheat = (Tmeas05 + Tmeas0€) / 2;
Tcold = (Tmeasl0 + Tmeasll) / 2;

double dT = Tmainheat - Tcold;

int outputmh = pid0l.CalcPWM(Tmainheat);
analogWrite (gateHPmain, outputmh);

int cutputghl = pid02.CalcPWM(Tmeas0l);
ite (gateHPgl,
pid03.CcalcPWM (Tmeas03) ;
analogWirite (gateHPg2, outputgh2);

int outputgh3 = pid04.CalcPWM(Tmeas0Z);
analogWrite (gateHPg3, outputgh3);

int outputgh4 = pid05.CalcPWM(Tmeas04);
ite (gateHPg4, outputghi);
pid06.CalcPWM (-Tcold) ;

analogW. outputghl) ;

int cutputgh2 =

analogW
int outputpe =

ocutputpe) ;
outputpe) ;
outputpe) ;
outputpe) ;
outputpe) ;
te (gatePEE,
e (gatePE7,

outputpe)
outputpe)
outputpe) ;

outputpe) ;

int ocutputbh = pid07.
analogWrite (gateBH,

CalcPWM(Tmeasl2) ;
outputbh) ;

in variables once,
calCoefsT01) ;
calCoefsT02) ;
calCoefsT03) ;
calCoefsT04);
calCoefsT0S) ;
calCoefsT06) ;7
calCoefsT07);
calCoefsT08);
calCoefsT09) ;
calCoefsT10);
calCoefsT1l);
calCoefsT1Z);

here at the start of the file
//Make class for TO1 handling

// Make a class for HPmain handling

Make a class for HPgl handling
Make a class for HPg2 handling
Make a class for HPg3 handling
Make a class for HPg4 handling
Make a class for Cold Plate handling
Make a class for Back heater handling

intln("Time; Tmainheat;Tcold;dT;outputmh; Thh; Tmhl; Tmh2,; Tghl; Tgh2; Tgh3; Tgh4; Tcl; Tc2; outputghl; outputgh?; outputgh3;outputghd; outputpe; outputbh®) ;

// Determine the temperature by sensor 01 via the VtoT library.

// Average the temperatures of the main heater s determined by its two individual temperature sensors.
// Average the temperatures of the cold plate s determined by its two individual temperature sensors.

// Determine the temperature difference between the plates

//Determine the PWM signal based on the PID controller in the library pid for the main heater
// Write the determined PWM signal as output towards the mosfet regulating the power through the main heater
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delay (500) 7

Serial.print (Time); // Print output values to later use in the post processing
Serial.print(";");

Serial.print (Tmainheat);

int (";");

nt (Tcold) ;

print (";:");

Serial.print(dT);

Serial.
Serial.
Serial.p

Serial.print(";");
serial .print (outputmh) ;
Serial.print(";");
Serial.print (TmeaslZ);
Serial.print(";");
Serial.print (Tmeas05);
Serial.print(";");
Serial.print (Tmeas06€) ;
int(":") s
rint (Tmeasll);
Tint ("i");
Serial.print (Tmeas03);
nt ("; ")

int (Tmeas02) ;
Serial.print(";");

Serial.

Serial.
Serial.r

Serial.print (Tmeas04);
.print (": ") s

print (Tmeasl0) ;

Serial

Serial.
Serial.print(";");
Serial .print (Tmeasll);
Serial.print(";™);

Serial.print (outputghl);

Serial .print(";™);
Serial.print (outputgh2) ;
Serial.print (";™);
Serial.print (outputgh3) ;

Serial.print(";™);
Serial.print (outputgh4) ;
int(":");
int (outputpe) ;

Serial.

Serial.

Serial.print(";™);

Serial.println (cutputbh):

led.setCursor {0, 0); // Print temperatures on LCD screen for real time insight into the measurement.
led.print ("H:");

lecd.print (Tmainheat, 1);

led.print (™ 1:");

led. int (Tmeas01l, 1)

led.print (™ 2:");

led.print (Tmeas03, 1)

]

lcd.setCursor(0,1);
led.print ("Hp:");
led.print (outputmh) ;
lcd.setCursor (7, 1);
led.print("3:");

led.print (Tmeas02, 1);
led.print (™ 4:");
lcd.print (Tmeas04, 1);

]

led.setCursor (0, 2);
led.print ("Cl:");
led.print (Tmeasl0, 1)
led.print (™ C2:");
led.print (Tmeasll, 1)7

led.setCursor(0,3)
led.print("C:™);

led.print (outputpe, 1) ;
led.print (™ Thh:");
led.print (Tmeasl2, 1)
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N. Full MATLAB Code

%% POST-PROCESSING FOR THERMAL CONDUCTIVITY MEASUREMENTS
% Determine the k-value of a sample by Therminus-K2

% By Charlotte Kaanen (4453719) - May 2022

clear all; close all; clc;

%% Specify constants and read data

% Specify measurement specified constants [ADJUST PER SAMPLE AND
% DEVICE CONFIGURATION!

L =0.6; % sample thickness in mm
A = 3618.02; measuring area (60.1*60.2 mm) -> 3618.02 mm"2

o©

npe = 9; % number of peltier elements
gh = 1; % guard heater (1 = ON; 0 = OFF)
bh = 1; % back heater (1 = ON; 0 = OFF)

% Read data from Excel file
readmatrix ('20220408-V06-DataGHPmeasurement.xlsx"') ;

=
1

%% Import parameters from data matrix for one measurement

Time = M(2:end,1);

Time = Time./60000; % milliseconds to minutes

ind = find(Time > 30, 1, 'first'); % change per measurement time
Time = Time (l:ind) ;

ind = ind +1;

% only data in measurement time

Tmh = M(2:1ind, 2); % Temperature main heater

Tc = M(2:ind, 3) ; % Temperature cold plate

dT = M(2:ind, 4) ; % Temperature difference hotcold
PWM mh = M(2:ind, 5) ; % delivered PWM to main heater

Tbh = M(2:ind, 6) ; % Temperature back heater

Tmhl = M(2:ind, 7) ; % Temperature sensor 1 main heater
Tmh?2 = M(2:ind, 8) ; % Temperature sensor 2 main heater
Tghl = M(2:ind, 9); % Temperature sensor 1 guard heater
Tgh2 = M(2:1nd, 10); % Temperature sensor 2 guard heater
Tgh3 = M(2:ind,11); % Temperature sensor 3 guard heater
Tgh4 = M(2:1ind, 12); % Temperature sensor 4 guard heater
Tcl = M(2:ind,13); % Temperature sensor 1 cold plate
Tc2 = M(2:1ind, 14); % Temperature sensor 2 cold plate
PWM ghl = M(2:ind, 15); % delivered PWM to guard heater 1
PWM gh2 = M(2:ind, 16); % delivered PWM to guard heater 2
PWM gh3 M(2:ind,17) ; % delivered PWM to guard heater 3
PWM gh4 = M(2:ind, 18); % delivered PWM to guard heater 4
PWM cold = M(2:ind, 19); % delivered PWM to Peltier elements
PWM bh M(2:ind, 20) ; % delivered PWM to back heater

% Calculate power delivered to the loads by a 8-bit (resolution 256) PWM
% output signal. Duty cycle = PWM output / total PWM resolution.

bits = 256; % 8-bit resolution is 256

duty out = PWM mh./bits; % duty cycle to main heater

duty ghl = PWM ghl./bits; % duty cycle to guard heater 1

duty gh2 = PWM gh2./bits; % duty cycle to guard heater 2

duty gh3 = PWM gh3./bits; % duty cycle to guard heater 3

duty gh4 = PWM gh4./bits; % duty cycle to guard heater 4

duty cold = PWM cold./bits; % duty cycle to individual peltier elements
duty bh = PWM bh./bits; % duty cycle to back heater

Q = 48*duty_ out; % power to the main heater [Watt]

Q ghl = 10*duty ghl*gh; % power to guard heater 1 [Watt]

Q gh2 = 10*duty gh2*gh; % power to guard heater 2 [Watt]

Q gh3 = 10*duty gh3*gh; % power to guard heater 3 [Watt]

Q gh4 = 10*duty ghd4*gh; % power to guard heater 4 [Watt]

Q cold = 50*duty cold*npe; % power to total peltier elements [Watt]
Q bh = 15*duty bh*bh; % power to back heater [Watt]

Qunf = Q; % Save unfiltered power main heater data

dunf = dT; % Save unfiltered temp difference data
%% VISUALIZE DATA: Temperature sensors and PWM output signals to the loads
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o)

% Visualize raw data, prior to any post-processing
figure (1)

sgtitle ("Raw data visualisation");

subplot(1,2,1);

plot (Time, Tmhl) ;

hold on

plot (Time, Tmh2) ;

plot (Time, Tcl);
plot (Time, Tc2) ;
plot (Time, Tghl) ;

plot (Time, Tgh2) ;

plot (Time, Tgh3)
plot (Time, Tgh4) ;

plot (Time, Tbh) ;

title("Data temperature sensors during measurement");
xlabel ('Time [minutes]');

ylabel ('Temperature [degrees Celsius]');

legend('mhl', 'mh2','cl','c2','ghl’', 'gh2','gh3"', 'gh4', 'bh'") ;
x1im ([0 307]);

’

subplot(1,2,2);
plot (Time, Q) ;
hold on
plot (Time,Q ghl);
plot (Time,Q gh2);
plot (Time,Q gh3)
( )
(

’

plot (Time,Q ghd);

plot (Time,Q cold);

plot (Time,Q bh);

title("Data power outputs during measurement");
xlabel ('Time [minutes]');

ylabel ('Power [Watt]');

legend('mh', 'ghl', 'gh2', "gh3"', "gh4', 'cold', 'bh'") ;
x1im ([0 301);

%% Data filtering to remove outliers and smooth data (dT and Qmh).

stepmh = 48/bits; % resolution for PWM output to main heater (48 Watt)
stepgh = 10/bits; % to a guard heater (10 Watt)

steppe = npe*50/bits; % to total peltiers (npe * 50 Watt)

stepbh = 15/bits; % to the back heater (15 Watt)

stepT = 0.1; % resolution for temperature sensors

o

Outliers removal was only performed after the initialisation of the
measurement at approximately 1 minute (100th step). When the difference
between two successive data points was more than x - times the resolution,
the next four data points adopt the average value of the past four values

o0 oo

oo

$Remove outliers in Qmh: power to main heater
for k = 100:1length(Q);

if k+1 <= length(Q)-10; % measure to prevent chaos at the end
if abs(Q(k+1)-Q(k)) >= 6*stepmh; % check if diff is above stepsize
Q((k+1):(k+4)) = (Q(k)+Q(k-1)+Q(k-2)+0Q(k=3))./4; %fill outlier
end

end

end

$remove outliers in dT: temperature difference
for k = 100:1length (dT);
if k+1 <= length(dT)-10;
if abs(dT (k+1)-dT (k)) >= 6*stepT;
dT ((k+1): (k+4)) = (dT(k)+dT (k-1)+dT (k-2)+dT (k-3))./4;
end
end
end

$remove outliers in Tmh: temperature of main heater

for k = 100:1length(Tmh) ;
if k+1 <= length(Tmh)-10;
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if abs(Tmh (k+1)-Tmh(k)) >= 6*stepT;
Tmh ( (k+1) : (k+4)) = (Tmh(k)+Tmh (k-1)+Tmh (k-2)+Tmh (k-3))./4;
end
end
end

$remove outliers in Tghl: temperature of guard heater 1
for k = 100:1length(Tghl);
if k+1 <= length(Tghl)-10;
if abs(Tghl (k+1)-Tghl (k)) >= 6*stepT;
Tghl ( (k+1) : (k+4)) = (Tghl (k)+Tghl (k-1)+Tghl (k-2)+Tghl (k-3))
end
end
end
$remove outliers in Tgh2: temperature of guard heater 2
for k = 100:1length(Tgh2);
if k+1 <= length(Tgh2)-10;
if abs(Tgh2 (k+1)-Tgh2(k)) >= 6*stepT;
Tgh2 ( (k+1) : (k+4)) = (Tgh2 (k)+Tgh2 (k-1)+Tgh2 (k-2)+Tgh2 (k=3))
end
end
end
$remove outliers in Tgh3: temperature of guard heater 3
for k = 100:1length(Tgh3);
if k+1 <= length(Tgh3)-10;
if abs(Tgh3 (k+1)-Tgh3(k)) >= 6*stepT;
Tgh3 ((k+1): (k+4)) = (Tgh3(k)+Tgh3 (k-1)+Tgh3(k-2)+Tgh3 (k-3))
end
end
end
$remove outliers in Tgh4: temperature of guard heater 4
for k = 100:1length (Tgh4) ;
if k+1 <= length(Tgh4)-10;
if abs(Tgh4 (k+1)-Tgh4 (k)) >= 6*stepT;
Tgh4 ( (k+1) : (k+4)) = (Tgh4 (k)+Tgh4 (k-1)+Tgh4 (k-2)+Tgh4 (k-3))
end
end
end

$remove outliers in Tbh: temperature of the back heater
for k = 100:1ength(Tbh) ;
if k+1 <= length(Tbh)-10;
if abs (Tbh(k+1)-Tbh(k)) >= 6*stepT;
Tbh ( (k+1) : (k+4)) = (Tbh (k)+Tbh (k-1)+Tbh (k-2)+Tbh (k-3))./4;
end
end
end

/4

/4

/4

/4

%$Calculate the moving mean over time of the data with removed outliers

Qm = movmean (Q, [10,10], "Endpoints', "shrink');

dTm = movmean (dT, [10,10], "Endpoints', "shrink") ;

Tmhm = movmean (Tmh, [10,10], "Endpoints', "shrink"');
Tghlm = movmean (Tghl, [10,10], "Endpoints', "shrink');
Tgh2m = movmean (Tgh2, [10,10], "Endpoints', "shrink');
Tgh3m = movmean (Tgh3, [10,10], "Endpoints', "shrink');
Tgh4m = movmean (Tgh4, [10,10], "Endpoints', "shrink');
Tbhm = movmean (Tbh, [10,10], "Endpoints', "shrink');

%% VISUALIZE FILTERED Temperature DATA
figure (2)

sgtitle ("Filtered temperature data");
plot (Time, Tmhm, 'LineWidth', 1) ;

hold on

plot (Time, Tghlm, 'LineWidth', 1) ;

plot (Time, Tgh2m, 'LineWidth', 1) ;

plot (Time, Tgh3m, 'LineWidth', 1) ;

plot (Time, Tghdm, 'LineWidth',1);

plot (Time, Tbhm, 'LineWidth', 1) ;

xlabel ('Time [minutes]');



ylabel ('Temperature [degrees Celsius]');
legend('Tmh', 'Tghl"', 'Tgh2', '"Tgh3', '"Tgh4', 'Tbh"') ;
x1im ([0 301);

%% VISUALIZE FILTERED DT and Q data
figure (3)
sgtitle('Raw and filtered Data Visualisation');

subplot(1,2,1)

plot (Time,Qunf, 'color', '"#0072BD');

hold on

plot (Time,Q, 'm");

plot (Time,Qm, 'color', '"#A2142F', 'Linewidth',3);

title ("Power delivered to the main heater during measurement");

xlabel ('Time [minutes]');

ylabel ('Power [Watt]');

legend('Raw data', 'Outliers removed from data', 'Smoothed data');

x1im ([0 307]);
subplot (1,2,2);

plot (Time,dunf, 'color', '"#0072BD'");

hold on

plot (Time,dT, 'm");

plot (Time,dTm, 'color', '#A2142F','Linewidth', 3);

title ("Temperature difference between the hot and cold plate during
measurement") ;

xlabel ('Time [minutes]');

ylabel ('Temperature [degrees Celsius]');

legend ('Raw data', 'Outliers removed from data', 'Smoothed data');

x1im ([0 301);

%% ANALYSE DATA: Determine k-value during steady state measurement
% use filtered dT and Qmh to Calculate the k-value over time
= (Qm.*L) ./ ((A.*10"=3) .*dTm) ;

P

% calculate the moving mean derivatives of dT, k and Q
ddT = movmean (diff (dTm), [20,20]);

dk = movmean (diff (k), [20,20]);

dQ = movmean (diff (Qm), [20,207);

% Calculate the difference between the guard heaters and back heater, and
% the main heater
eghl = Tmhm - Tghlm;

egh2 = Tmhm - Tgh2m;
egh3 = Tmhm - Tgh3m;
egh4 = Tmhm - Tghdm;
ebh = Tmhm - Tbhm;

% Determine the data points at which steady state was reached

SS = find((abs(ddT)<0.001) & (abs(dQ)<0.001) & (abs(eghl(2:end))<0.5) &
(abs (egh2 (2:end))<0.5) & (abs(egh3(2:end))<0.5) & (abs(egh4(2:end))<0.5) &
(abs (ebh (2:end))<0.5));

kSS = k(SS); % only include k in steady state for plot

TimeSS = Time (SS); % only include time in steady state for plot

% DETERMINE K, Q AND dT IN STEADY STATE AND TIME TO REACH THAT

k SS = mean (kSS) ; aveage k in steady state

kSS max = max (kSS) maximum k in steady state

kSS min = min (kSS) minimum k in steady state

kSS std = std(kSS) std of k in steady state

dT SS = mean (dTm(S average dT in steady state

Q SS = mean (Qm(SS) average Q in steady state

oe

’

oe

’

o oe

oe

’

S)):
)

oe

figure (5);

title("Thermal conductivity coefficient (" + k _SS + " W/mK)")
hold on

xlabel ('Time [minutes]');

ylabel ('Thermal conductivity coefficient [W/mK]');

grid minor

plot (Time, k) ;
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hold on

x1im ([0 307]);
if kSS == 0;

else

plot (TimeSS,kSS,'.");

end

legend ('Transient state','Steady state');

%% Overview graphs to explain results
figure (6)
sgtitle ('Overview graph to explain results');
subplot(1,2,1)

yyaxis left

plot (Time, k) ;

ylabel ('Thermal conductivity coefficient [W/mK]');
xlabel ('Time [minutes]');

yyaxis right

plot (Time, Qm) ;

ylabel ('Power to main heater [Watt]');
subplot(1,2,2)

yyaxis left

plot (Time, k) ;

ylabel ('Thermal conductivity coefficient [W/mK]"')
xlabel ('Time [minutes]')

yyaxis right

plot (Time,dTm) ;

ylabel ('Temperature difference [degreees Celsius]')

%% OUTPUT

TimeSS1

TimeSS (1) ; % First time in steady state

TimeSSlength = length (TimeSS)*0.011; % Total time in steady state

o

OUTPUT

% [k; kmin; kmax; kstd; dT; Q; TimeSSl; TimeSSlength]

[k SS kSS min kSS max kSS std dT_SS Q SS TimeSS1 TimeSSlength]
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O. Output of post-processing data in MATLAB

This appendix contains an example of output plots generated after post-processing of the measurement
data. The Excel data used for this example was saved in 20220428-V04-DataGHPmeasurement.xIsx.
The MATLAB code that generated these plots is described in Appendix N. Section 5.2.3 contains
further explanation about the post-processing the data was subjected to.
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Filtered temperature data
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which steady state was achieved (as formulated in the customized post-processing: section 5.2.3).
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Overview graph to explain results

3y T T 112 3 T 9.5
9
|
" sf N *‘
‘ M‘%\J\w«”“"\/‘%ﬁﬂmﬁr’“ os
< = )
= 2 -8 = 2 48 ©
£ = 2 o
= K] = 2
5 s 5
] g & 175 2
8 3 S ke
8 o 3 °
215 46 < 215 S
= ] = ]
g s g 78
o k=
3 2 3 =
5 5 5 °
o =z 5] 4
T S T 2
E 4 E 65 @
[ [ Q
£ £ 5
@
\‘ “ 6
|
05 J‘ +2 05 —“
\ {55
. \*
0 | L ) | | f lo 0 | | ) I | | 5
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time [minutes] Time [minutes]
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Abstract

Background Determining the postmortem interval (PMI), the time passed shortly (3 —72 hours)
after an individual’s death, is often a vital component to evidence in forensics. In order to
calculate the PMI utilizing the thermodynamic cooling model, instant determination of the
thermal conductivity (TC) of the deceased’s clothing is required at the crime scene. However,
simple and inexpensive measurement devices for TC determination for forensic purposes are
currently lacking. Therefore, a new device must be developed. For this development, factors
affecting TC measurement of clothing should be explored.

Purpose A literature review was performed to provide an overview of factors influencing TC
measurement of clothing.

Methods Following the PRISMA methodology, a literature search was conducted in Scopus.
Data of included studies were extracted and descriptive analysis was executed.

Results and Conclusions A total of 48 studies were included, reporting twelve different factors
affecting TC measurement of clothing. For forensic purposes, the most dominant factors (effect
size > 100%) were fabric thickness (correlation with TC: —), moisture content (+), air layer
thickness () and fabric compression (+). Prior to and during measurements, alterations of the
clothing sample must be avoided and a direct connection between clothing sample and
measurement plates should be established. In the design of a TC measurement device, precise
fabric thickness measurement and water tightness of the design should be focused on.

Keywords Thermal conductivity - Thermal resistivity - Textile - Clothing - Measurement -
Review

1 Introduction Police needs to investigate many bodies

In 2019, 1.811 people in the Netherlands
committed suicide and 125 murders were
committed [1, 2]. Besides these, other non-
natural deaths like (un)intentional injuries
and accidents unfortunately occur regularly,
although exact numbers were not available.

When  finding human  remains,
obviously the cause and time of death must
be determined. Consequently, the Dutch

throughout the year.

Estimation of the early postmortem
interval (PMI), the time passed shortly (3 —
72 hours) after death, is used for several
purposes [3]. The PMI estimation can be
used to narrow down and test possible
scenarios when mortal remains are found by
reducing the estimated time frame of the
PMI. In forensic investigations, the PMI
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could help in temporal reconstructions of
the events surrounding the death.
Investigations can proceed with more focus,
when the estimated range of the PMI is
narrower. This allows for faster research,
which is crucial in forensic investigations.
Forensic  information becomes more
meaningful when it is obtained at a higher
speed [4]. In addition, the increased speed
helps to strengthen red-handedness, enables
swift adjustments to the investigation if
needed, and makes the investigation as
efficient as possible [5].

Nomenclature

Abbreviations

TC Thermal conductivity
TR Thermal resistance
PMI Post mortem interval
GHP Guarded hot plate
SGHP Sweating guarded hot plate
Materials

AR Aramid

BA Bamboo

CA Hemp

CA Acetate

CMD Modal

(6{0) Cotton

Ccv Viscose (Rayon)

EL Elastane (Lycra or Spandex)
FG Fiberglass

JU Jute

KP Kapok

LI Linen

MAC Modacrylic

NY Nylon

PA Polyamide

PAN Acrylic

PC Polycarbonate

PE Polyethylene

PES Polyester

PET Polyethylene terephthalate
PP Polypropylene

PTFE Polytetrafluoroethylene
PUR Polyurethane

PVC Polyvinylchloride

SE Silk

WM Mohair

WO Wool

Currently, the PMI is determined using the
golden standard: Henssge’s method [3, 6].
This method is mainly based on rectal (core)
temperature, body weight and ambient
temperature and relates these factors to the
PMI. It is presented as a nomogram and
assumes that the postmortem rectal
temperature of any human undergoes
double exponential decay. The model,
however, includes only one correction
factor for cooling conditions deviating from
the standard, based on body weight and
clothing estimations [6]. For the estimation
of this correction factor, personal
experience in estimating body weight and
clothing parameters is required [7].
However, Henssge’s method does not take
other non-standard environmental and
posture conditions into account, which
limits its accuracy.

Therefore, Wilk et al. (2020) developed
a new method to estimate the PMI, which
uses skin thermometry together with a
thermodynamic finite-difference model [8].
This model is extremely promising, as it can
reduce the maximum error of the PMI
estimation from +/- 7 hours (Henssge) to +/-
3.2 hours (Wilk), respectively based on data
of 53 bodies (maximum true PMI: 75 hours)
and 4 bodies (maximum true PMI: 50 hours)
[7, 8]. Furthermore, 83.3% of the
reconstructed PMIs (n = 80; calculated
based on the same 4 bodies) by Wilk et al.
(2020) deviated no more than +/- 1 hour
from their corresponding real PMls [8].

The main input parameters in Wilk’s
model are initial body temperature, body
weight, body fat percentage, thermal
conductivity (TC) of clothes, TC of fat
tissue and TC of non-fat tissue. According
to Wilk et al. (2020), variation in TC of
clothes (+/- 0.01 W/mK) induces the largest
variation in the PMI estimation (+/- 1-2
hours) [8]. Therefore, it is important that TC
of the deceased’s clothes are correctly
determined. That way, it can be used as
input in the cooling model to determine the
PMI at a crime scene.

Unfortunately, since TC of clothing
depends on many parameters, it cannot
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simply be calculated based on the material
composition of the clothing indicated in its
garment label. In fact, intrinsic fabric
construction parameters, like weaving
pattern, yarn spacing, (nano)additives and
multilayer sequences change TC of a
clothing piece [9-12]. When determining a
clothing’s TC based only on its material
composition, crucial impact of these factors
might be unjustly ignored.

To settle this difficulty, a reliable and
standardized TC measurement method is
needed that can measure TC of a piece of
the deceased’s clothing directly at a crime
scene. Existing TC measurement systems
are currently unsuitable to use for forensic
purposes, especially at crime scenes, due to
their limited mobility and high costs.
Therefore, a novel TC measurement device
is being developed for this purpose.

Insight into factors possibly affecting a
TC measurement system is indispensable in
developing such a method. Factors
influencing TC  measurement  of
construction materials have already been
investigated, but a review on TC of clothing
has, to the best of our knowledge, not yet
been conducted [13].

Therefore, this review aimed to provide
an overview of factors influencing apparent
TC of textile during TC measurement. The
effects of these factors were evaluated, and
ways to control them prior to and during
measurement were examined.

This knowledge is intended to support
the design and use of a TC measurement
device. Hence, only factors that can be
controlled or accounted for during
measurements, without changing the
intrinsic ~ material ~ properties,  were
investigated. This implies that intrinsic
fabric parameters, like microstructure,
density, (fiber) composition and weaving
pattern, were disregarded as the material
sample cannot and should not be changed.

The research question therefore was:
What factors, besides non-adjustable
intrinsic fabric parameters, affect TC
measurement of clothing, and how?

1.1.Background

In heat transfer, the first law of
thermodynamics (conservation of energy)
describes that a change in a system’s
internal energy AU [J] is equal to the
difference between heat transferred into the
system and heat generated within the
system, where Q [W] is the rate at which
heat transfers into the system and Q,, [W] is
the rate at which heat is generated within the
system [14]. Over a time interval At [s] , the
first law of thermodynamics results in the
formula

AU = QAt — Q,At []] (1)

Heat transfer, the energy transfer due to
temperature gradients, can take place due to
conduction (the transfer of heat due to
interaction between adjacent particles),
convection (the heat transfer between a
solid surface and an adjacent moving
medium), and radiation (the heat transfer
due to the emission of electromagnetic
waves) [14]. In the PMI determination
model by Wilk et al. (2020), currently only
thermal conduction of clothing is used [8].

Heat conduction is generally described
using Fourier’s law of heat conduction,
stating that in a material, the local heat flux
is proportional to the negative of the local
temperature gradient [14],

=2 w/m?] 2)
q =~k [W/m?] )

where g is the heat flux, A [m?] the surface
area (area perpendicular to the heat flow)
and T(x) [K] the temperature distribution
over x [m], the spatial coordinate in the
flow direction. When the system reaches a
steady state, the temperature distribution
through the sample body is linear (Figure
1). The temperature gradient through a body
of thickness L [m] due to the temperature
difference T, — T; [K] between the face at



x = 0 [m] and the face at x = L [m] can be
expressed as:

dT _ T,-Ty
@ =Eh K /m] (4)
T
N
T Area A
| m
TZ
Q Q
—— 1>
> x
— >

L

Figure 1. One-dimensional heat transfer across a plane
wall by conduction, showing the temperature distribution.

Combining Eq. (3) and (4) results in the

Fourier equation for one-dimensional
steady state heat flow rate per unit area:

0=ka" = A w) (5)

In this study, the main interest is the TC,
represented by the symbol k, of the fabric,

indicating the ability of a material to
conduct heat. When rearranging Eq. (5), the
formula for TC becomes:

k=2 w/mK)]

(6)
Results for conduction in unsteady state
conditions, in which the temperature within
the system varies with time, are typically
complicated and difficult to apply due to
the high amount of unknown constants and
its unknown system behavior. Therefore,
where possible, approximations are used via
the steady state equations.

1.2 TC measurement methods

TC can be measured using several different
methods. In general, these methods are
categorized into two classes: steady state
methods and transient state methods. Steady
state methods measure while the sample
material is in complete equilibrium. This
primary and most accurate measurement
method involves simple signal processing,
albeit with a long measurement time [15].

A
T
Hot plate
L ]: Sample 0
Cold plate TT2 v
Insulation

Figure 2. Schematic general guarded hot plate method for TC measurement of flat samples
T:and T2: indicating temperature measurement; L: sample thickness; Q : heat flow per unit area; A: area hot plate = area sample

= area cold plate.

4



Table 1. Search query for database search (Scopus)

Category

Syntax TITLE-ABS-KEY

Influence

(influenc* OR affect* OR {related to} OR impact* OR control* OR

(depend* PRE/1 on) OR correlat* OR effect* OR induc*)

AND
Type of material

(cloth* OR textile OR fabric OR cotton OR synthetic* OR weaves OR

knitt* OR garment* OR nylon OR woven OR wool OR polyester OR
CV OR silk OR neoprene OR jeans OR cashmere)

AND
Investigated property

(thermal PRE/O (conduct* OR resist*))

The transient state methods instantly
measure TC during the heating process and
are thus much faster than the steady state
method. However, the accuracy of transient
state methods on dry materials is lower than
for steady state methods.

Steady state techniques include the
commonly used guarded hot plate (GHP)
and heat-flow meter [16]. Generally used
transient state techniques are the hot-wire,
hot-disk and laser flash method [16].

The American Society for Testing and
Materials (ASTM) has denoted the steady
state GHP method as the most accurate TC
measurement method for materials with low
TC [17]. Therefore, this technique is the
most frequently used method for measuring
TC of insulation materials, including
clothing [16]. Accordingly, our novel TC
measurement  method  for  forensic
applications is being based on the GHP
method.

The GHP method involves placing a hot
and a cold plate parallel to each other. This
creates a steady state heat transfer between
the two due to the generated temperature
difference. The GHP method is utilized in
multiple configurations. In general, it
consists of a unidirectionally arranged
GHP, acting as a heater (Figure 2) [16]. This
hot plate is covered by the sample material
on either one or both sides, behind which a
cold plate is placed. This system is then
fully insulated to ensure the heat produced
by the hot plate flows through the sample
towards the cold plate, acting as a heat sink.

Temperatures are measured in the hot and
cold bodies and are used to determine TC
together with the known sample thickness
and surface area of the hot plate.

The GHP technique is applicable to a
wide range of materials, including both
insulators and conductors, and can measure
conductivities in the range of 0.0001 — 1.0
W/mK [18, 19]. Its uncertainty is 2.0 - 5.0
% and the method can measure at a wide
range of temperatures (80 — 1500 K) [18].
Although  the GHP  method is
recommended to be used in the design of a
TC measurement system in forensic
applications, in this literature study no
preconditions  for the investigated
measurement systems are set. This is not
expected to bias the results as there isn’t
even a uniform method to compare
insulating materials.

2 Methods
A systematic literature search was
performed in Scopus

(https://www.scopus.com)
studies up to May 24, 2021.

including

2.1 Search strategy

The search string contained three
categories: influence, type of material, and
investigated property (Table 1). These
terms were needed to retrieve articles
investigating parameters affecting
(specified in the influence term) TC or TR
(investigated property) of clothing (type of
material).



Table 2. Inclusion and exclusion criteria for study selection

Criteria

Title Inclusion

contains terms related to research of thermal conductivity or resistivity

OR refers to textiles or other insulating fabrics
OR indicates potential relevance in another way.
Exclusion  explicitly indicates research of only non-clothing materials, such as
liquids, concrete, diamonds, soils and rocks
OR mainly contains terms related to a completely different research area,

like electronics

OR indicates the research of only the material’s intrinsic parameters, such
as fiber orientation and density.

indicates investigation of the thermal conductivity or resistivity of fabrics

OR shows potential for further investigation in any other way.

OR shows that only the effect of a material’s previous treatment, like
coating, washing or a specific knitting pattern was investigated
OR shows that only intrinsic fabric parameters, such as density and

Abstract  Inclusion
Exclusion  shows that only non-clothing materials were studied
composition, were investigated.
Full-text  Inclusion

fabrics.

reports at least one factor influencing thermal conductivity or resistivity of

Exclusion investigated materials are not suitable for clothing, e.g. for building
insulation purposes or electronic boards
OR investigates the effect of a material’s previous treatment or the effect
of intrinsic fabric parameters on the thermal conductivity
OR does not contain sufficient detail to carry out data analysis
OR showed the authors did not perform the measurements to study
influencing factors themselves
OR could not be accessed in any way available to the authors.

Words related to clothing and their
synonyms were added to the type-of-
material category. Results retrieved were
scanned (Title-Abstract) for relevance and
if a term did not add relevant studies it was
removed from the syntax. A similar
approach was conducted for the influence
category syntax (Table 1).

In addition to searching for TC, thermal
resistance (TR) was also explored; TR is the
inverse of TC multiplied by the material’s
thickness. It is apparent that factors
influencing TR also affect TC.

Only papers in English, Dutch, French
and German were included.

2.2 Study selection

Study selection was performed using the
PRISMA methodology, based on the
criteria listed in Table 2. Studies were
screened first on title and then on abstract.
If selected, a full study review followed and

a final inclusion was determined. Lastly,
reference lists of the identified studies were
screened for relevant titles (backward
snowballing).

2.3 Data extraction

A data extraction table was prepared to
extract relevant information from the
included studies (see Results). Extracted
data included information such as general
reference specifications, study aim, material
characteristics, TC or TR measurement
method, elaboration on parameters with
significant influence and conclusions.

2.4 Analysis of results

Because of the heterogeneity of the results,
descriptive data synthesis was used. The
retrieved factors influencing TC or TR
measurement  were  categorized and
qualified as having a positive or negative
effect on TC. Effects based on TR
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Figure 3. PRISMA Flow Diagram of the literature selection process.

measurements were inversed to achieve the
correlation of the factor with TC.

To get a prioritization of the retrieved
factors, graphs and tables of all included
studies were scanned to estimate the total
absolute change in either TC (ATC) or TR
(ATR) over the total measured factor range.
For example, in the study by Zhu (2020)
investigating the effect of moisture content
(0 — 80 %) on TC, the corresponding TC
values at 0 and 80 % were noted (resp. 0.022
and 0.09 W/mK). Absolute (A) and relative
(A (%)) TC and TR increase over the
measured factor range were calculated.

Furthermore,  forensically relevant
ranges were determined for the investigated

factors in cooperation with an expert of the
Dutch National Police (Table 3). Absolute
and relative TC and TR increases were
either inter- or extrapolated to equate study
results to the same forensically relevant
factor range. For interpolation, TC or TR
values could be read from the graphs.
Extrapolation of the values was calculated
assuming a linear relationship between the
retrieved factor and TC or TR.

In general, SI units were used to note TC
(W/mK) and TR (m?K/W). When possible,
TC- and TR-values were converted to these
standard units. When this was not possible,
studies were disregarded for effect size
estimation.



Table 3. Used forensically relevant factor ranges determined in cooperation with an expert of the Dutch National Police;

shown with the reason for the determined range.

Factor Forensically
relevant range

Reason for chosen range

Air layer thickness 0-30 mm

Maximum range used in literature is applicable during

forensic practice.

Air pressure

Ambient temperature -20 - +40 °C
Emissivity of the plates 0,05 - 0,85

690 — 800 mmHg Maximum and minimum air pressure ever measured in Europe
[20, 21]

Maximum outside temperature range in the Netherlands [22]
Maximum range used in literature is applicable during

forensic practice.

Maximum range used in literature is applicable during

forensic practice.

Maximum range used in literature is applicable during

forensic practice.

Fabric compression 200 — 2100 Pa
Fabric extension 10-80 %
Fabric thickness 0,2-7,5mm

Due to interpolation uncertainties, the maximum range of all

studies was used, except for outlying factor ranges.

Horizontal heat leakage 6-—11,2%

Maximum range used in literature is applicable during

forensic practice.

Moisture 0-100 %

Maximum range used in literature is applicable during

forensic practice.

Molecular weight
ambient gas

Temperature difference  10-40°C
between plates
Wind velocity

29,97 g/mol

0-3m/s

Assume the gas surrounding the deceased during forensic
practice is air.

Maximum range used in literature is applicable during
forensic practice.

Due to interpolation uncertainties, the maximum range of all

studies was used, except for outlying factor ranges.

3 Results

A total of 3.263 studies were identified
(Figure 3). After the selection process,
detailed in Table 1, 48 studies were
included for data extraction.

3.1 Study characteristics

The complete data extraction table is
provided in Annex I. As a general overview,
Table 4 shows the main characteristics and
outcomes of the included studies.

3.2 Factors affecting TC measurement of
textile

Figure 4 shows the determined factors
influencing TC measurement of clothing,
with their incidence in the included studies.
Figure 5 visualizes the correlation between
the determined factor and TC. For all
determined factors influencing TC or TR,
the total range over which that factor was
investigated in the included literature was
reported (total literature range).

B Fabric thickness

B Moisture content

B Wind velocity
DOTemperature

D Air layer thickness

B Fabric compression
DFabric extension

G Air pressure

D Material erientation
B Emissivity of the plates

DHorizontal heat leakage

B Molecular weight ambient gas

Figure 4. Factors influencing TC or TR measurement of
textile with the number of studies determining it in
literature. Note: some studies investigate multiple factors.

3.2.1 Fabric thickness

As expected by looking at equation (6) the
initial fabric thickness L influences the
obtained TC of textile, which has been
shown by 17 studies. Of these, 16 found
that the thickness of a fabric in
uncompressed  status IS  negatively
correlated to TC: TC decreases as a result of
an increased fabric thickness (total
literature range 0 — 25 mm). These studies
determined that thicker fabrics are more
resistant to heat transfer.



Table 4. Characteristics of included studies (n = 48). A: Factors affecting TC. B: Factors affecting TR.

A: Studies investigating factors affecting TC measurement of clothing.
1. See nomenclature for material abbreviations; C*: Correlation effect on TR (in cases of TR this is converted to TC); §: Differs: Fibers have higher TC in the longitudinal direction as compared

to the transverse direction; ATC: Total TC difference over the measured factor range.

Study Measurement Sample material* Sample Affecting factors Measured factor ATC full  Relative ATC
method size C* Factor range range (%) full range
Klemenci¢ et al. [23] Selfmade GHP CcO 2 +  Moisture content 0-100 % 0,55 550%
Zhu [24] Hot-disk method  PET and VC 2 +  Moisture content 0-100 % 0,07 309%
Wang et al. [25] KAWABATA Blend of CO, NY,PESandEL 3 Fabric thickness 1,33-1,59 mm 0,01 19%
GHP
Shen et al. [26] HFB-1 tester 50/50 KP/PES and 100 CO 2 +  Wind velocity 0-3m/s 0,02 29%
Shen et al. [27] KAWABATA PE, CO or WO 5 +  Horizontal heat leakage 6-11,2% -0,11 -76%
GHP
Akcagun et al. [28] ALAMBETA 100 WO and 30/70 PES/WO 6 +  Moisture content 0-100 % 0,11 275%
GHP
Siddiqui and Sun [10] Selfmade GHP Nomex IlI, Twaron, CO, WO NS +  Ambient temperature NS - -
and CV §  Material orientation NS - -
Boughattas et al. [29] ALAMBETA PC and PES 6 +  Moisture content 0-100 % 0,05 104 %
GHP
Tong et al. [30] NS CO with silver coated yarns 3 +  Wind velocity 0-22mls - -
Boguslawska-Baczek and ~ ALAMBETA PES, PA and PUR blends 5 +  Moisture content 0-100 % 0,13 255 %
Hes [31] GHP
Van Amber et al. [32] Selfmade GHP WO and PAN 27 - Fabric thickness 1,53 -4,62 mm - -
+  Moisture content NS - -
Karunamoorthy and Das Selfmade GHP PES with PTFE coating 20 +  Fabric compression 200 — 2100 Pa 0,15 300 %
[33]
Boguslawska-Baczek and ~ ALAMBETA Nomex and their blends with 30 +  Moisture content 0-70% 0,05 100 %
Hes [34] GHP Kevlar and carbon fibers
Boguslawska-Baczek and ~ ALAMBETA PAD, PAN, PES, PP, PVC and 136 +  Temperature difference plates  10-40°C 0,002 4%
Hes [35] GHP Ccv +  Emissivity of the plates 0,05-0,85 0,002 6 %
Naebe et al. [36] KAWABATA Neoprene 20 - Fabric thickness 3,20 — 4,30 mm 0,01 29 %
GHP
Romeli et al. [37] Direct heating CcO 8 +  Moisture content NS - -
technique
Zhang et al. [38] Selfmade GHP CO, CA, SE and WO 23 - Fabric thickness 0,17 — 0,95 mm - -




Study Measurement Sample material* Sample Affecting factors Measured factor ATC full  Relative ATC
method size C* Factor range range (%) full range
Nawaz et al. [39] Heat flow meter 100 WO, 60/40 WO/BA, 100 6 - Fabric thickness 0,24 -0,97 mm - -
CO, 94/6 WOI/EL, 100 PES,
52/48 WO/Biophyil
Oglakcioglu and ALAMBETA CcO 6 +  Moisture content 10-60 % 0,06 130 %
Marmarali [40] GHP
Ramachandran et al. [41] NS CcO 18 - Fabric thickness 0,43 — 0,85 mm - -
Zhu and Li [42] Heat flow meter NomexIlIl +  Temperature 0-400°C 0,08 160 %
Vigneswaran et al. [43] Lee’s disk JU/CO (30/70, 40/60 and - Fabric thickness 1,08 — 1,32 mm 0,00 -10 %
instrument 50/50)
Dias and Selfmade GHP NY 66 or PES 6 +  Moisture content 10-90 % 0,43 343 %
Delkumburewatte [44]
Zhu and Zhang [45] Selfmade GHP Flame resistant CO, Nomex 4 +  Air layer thickness 0,5-10 mm 0,02 100 %
I11A, Panof and Moderate alkali +  Temperature difference 20 -220°C 0,07 140 %
GL between plates
Hes et al. [46] ALAMBETA 52/48 WO/PES; 100 CA, 60/40 11 - Fabric thickness NS - -
GHP PES/CO, 83/17 PAN/CO - Air layer thickness NS - -
Schneider et al. [47] Selfmade GHP WO, PP, CO and porous PAN 4 +  Moisture content 0-100% 0,16 361 %
Andersson [48] Selfmade GHP NY 66, NY 610, NY 6, NY 11, 15 +  Air pressure 0-1875139 mmHg - -
NY 12
Zaslavskii and Ar’ev [49]  Selfmade GHP NY 6 NS - Structure extension 0-40 mm -0,01 2%
- Ambient temperature 20-130°C -0,03 -10 %
Hoge and Fonseca [50] Selfmade GHP WO and CO 1 +  Ambient temperature 15,5-60°C 0,00 9%
+  Air pressure 0,01 — 1000 mmHg 0,03 140 %
+  Moisture content 10 -100 % 0,03 133 %
+  Fabric compression NS 0,02 33%
- Molecular weight ambient gas 5 — 120 g/mol -0,15 -81 %
Speakman and Lee’s disk WO, WM, SE waste, CO, CV 7 +  Fabric compression NS - -
Chamberlain [51] instrument SE, CASE
Rood [52] Lee's disk WO and CO NS +  Moisture content NS - -
instrument
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B: Studies investigating factors affecting TR measurement of clothing.
L. See nomenclature for material abbreviations; C*: Correlation effect on TC (the effect on TR is inverted to be applicable to TC); ATR: Total TR difference over the measured factor range.

Study Measurement Sample material Sample  Affecting factors Measured factor  ATR full Relative ATR
method size C*  Factor range range (%) full range
Fung et al. [53] PERMETEST CO, PES, PP and their 7 - Air layer thickness 0-16 mm - -
blends
Tu et al. [54] HFB-1 tester KP, PES, CO, PET, LI and 13 + Wind velocity 0-3m/s -0,04 -33%
their blends + Ambient temperature 10-20°C -0,02 -15%
Shaker et al. [55] Selfmade SGHP COand EL - Fabric thickness 0,67 — 0,85 mm 0,01 137 %
He and Yu [56] Selfmade SGHP AR and CO - Air layer thickness 0-15mm 0,14 280 %
+ Ambient temperature 20-40°C -0,01 -8 %
Stoffberg et al. [57] PERMETEST WO, CO, PES, CV and 26 - Fabric thickness 0,23 -0,65 mm - -
their blends
Mangat et al. [58] ALAMBETA CO, PES blends 5 + Moisture content 0-65% -0,02 -15%
GHP
Kanat et al. [59] ALAMBETA CO, PES, CMD and PAN 25 - Fabric thickness NS - -52%
GHP blends - Moisture content 0-100% -0,01
Gupta et al. [60] ALAMBETA CO, PES/CV blends and 13 - Fabric thickness 0,27 -0,83 mm 0,01 108 %
GHP PES/CO blends
Shabaridharan and Das Selfmade SGHP Multilayer PES and PES 18 - Fabric thickness 0,23 -7,5mm 0,15 100 %
[61] with PTFE coating
Salopek Cubrié et al. [62] Selfmade SGHP COand EL 33 - Fabric thickness 0,28 — 0,48 mm 0,01 67 %
Ding et al. [63] Selfmade SGHP CO and flame-resistant AR~ 2 + Ambient temperature -50—-100 °C -0,03 -29 %
+ Wind velocity 0-30mis -0,06 -29 %
- Air layer thickness 0-30mm 0,14 117 %
- Fabric thickness 0-6mm 0,06 60 %
Shekar et al. [64] KAWABATA PES/PP blends and Nomex 5 + Wind velocity 0,25-1ml/s -0,01 -8 %
GHP fabric
Kothari and Bal [65] Selfmade GHP Ccv 1 Wind velocity 0-15m/s -0,01 -33%
Gibson et al. [66] Selfmade SGHP CO, PA, PES, MAC, NY, 12 + Wind velocity 0-2m/s -0,06 -45 %
PUR and their blends
Holcombe and Hoschke Selfmade GHP CO, PES/cellulosic blends, 31 - Fabric thickness 0,81 4,63 mm 0,11 700 %
[67] PVC, WO
Aboalasaad et al. [68] ALAMBETA CO, CO-PA-PUR, CV-PA 4 - Fabric extension 10-80% -0,01 -37%
GHP and CV-EL
Slater et al. [69] Selfmade GHP WO, CO, CV, SE and their NS - Fabric thickness 5-250 mm 0,48 400 %

blends
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One study, by Wang et al. (2020),
determined a positive linear relationship for
material thicknesses in the range of 1.33 —
1.59 mm [25]. In that study three fabricated
socks were investigated, in which fabrics
with a lower thickness simultaneously
possessed a finer yarn count, resulting in a
higher density which caused higher TC.
Therefore, this positive relationship can be
attributed to the density and will thus be
disregarded further.

Stoffberg et al. (2015) and He and Yu
(2018) justify the negative correlations
between TC and fabric thickness mainly
noting that there always is some air present
within the fabric pores, which simply is
increased in fabrics with a higher fabric
thickness [56] [57]. Because TC of air
(0.025 W/mK at 20 °C) is much smaller
compared to TC of the investigated textiles
(0.023 — 0.344 W/mK), the greater the
thickness and with that the amount of air,
the lower the TC and the better the heat
retention [62] [70] [71]. Besides this
rationale, it is clear that a higher fabric
thickness results in lower TC due to the
compactness of the yarns which hinders the
diffusion of heat [43].

The size of this interaction is different
per fabric, but the correlation is seen in
wovens and non-wovens, as well as in
multilayered fabrics [59, 61] [43]. Due to
layering often present in woven fabrics, the
effect of fabric thickness on TC in wovens
is higher than in non-wovens [60].

3.2.2 Moisture content

In all 15 studies investigating the effect of
moisture content on TC, the amount of
moisture in or on a fabric turned out to have
a positive correlation with TC. The term
moisture content is quantified in each study
in a slightly different way. In general, a 0%
moisture content in a fabric induces an
‘ultra-dry state’, which is achieved after
drying the fabrics in an oven (> 100 °C) to
remove all moisture. Fabric in its normal
state will always have some moisture (0 —
13.8 %) present due to the air humidity [23,
72].

To achieve 100% moisture content, ‘wet
state’, samples were soaked in liquid (e.g.
water) to their full volume [31].
Subsequently, samples were dried and
weighted to achieve a moisture content
between 0 - 100%.

With increasing moisture percentage (0
— 100%), TC first linearly increases when
the water gets absorbed from the surface by
the macropores of the sample [34]. The
increase in TC can be more than three times
the original TC of the fabric due to the
addition of moisture. This finally stabilizes
around the TC value of the absorbed liquid
[23, 28].

When a saturation level of about 15-
25% is reached, the increase in TC starts to
slow down and a difference in behavior
between absorbent and nonabsorbent fibers
becomes apparent [23, 29, 34, 47].
Absorbent fibers and materials (e.g. cotton,
wool and Nomex) also absorb liquid into the
fibers and therefore ultimately obtain higher
TCs [47]. Nonabsorbent materials however
(e.g. polyester, acrylic and modacrylic) only
retain free liquid in between fibers and
yarns and achieve a slightly lower TC
increase (max 0,09 W/mK) [47].

Bogustawska-Baczek and Hes (2017)
concluded that the effect of moisture
content on TC is caused by the substitution
of air in fabric pores with water, because
water (0.598 W/mK at 20 °C) is a better
conductor than air (0.025 W/mK at 20 °C)
[31, 70, 73]. The moisture content in fabric
then greatly reduces the thermal insulation
properties of the material. The correlation
between TC and moisture, however, varies
between clothing pieces, as it is highly
dependent on the nature of the micro-pores
in a fabric [37].

3.2.3 Wind velocity
All studies (n = 7) investigating the effect of
wind velocity (total literature range 0 — 30
m/s) during TC measurement determined a
positive correlation between wind velocity
over the cold plate and apparent TC. The
angle (0°, 45° and 90°) at which the air
flows has little effect on TC of textile [30].
12



Most studies investigated low wind
velocities (0 — 3 m/s). Only Shekar et al.
(2011) and Ding et al. (2011) investigated
higher wind velocities, with maximums of
respectively 10 and 30 m/s [63, 64].

In all investigated studies the wind
velocity acts as a cold plate, used in the
GHP method (Figure 6). The wind
accelerates convection on the textile surface
and thus functions like a cold plate.

A high wind velocity enables increased
penetration of air through the textile due to
its air permeable properties. Thus, more air
reaches the inside of the textile surface.
Shen et al. (2020) showed that this would
stimulate forced convection inside the
textile, which increases heat transmission
and therefore decreases thermal insulation
of textile [26]. In other words, as the airflow
carries energy from the textile to the
surrounding environment, a faster thermal
dissipation at a higher speed would be
observed. Therefore, TC proportionally
changes with wind velocity [30].

Ding et al. (2011) concluded that this
effect was most significant at lower wind
speeds (< 5 m/s). After that point, the
parabolic correlation tends towards its
asymptote [63]. At a speed of 25.6 m/s, an
abrupt transition occurs due to the onset of
turbulent flow over the textile surface,
resulting in a greater increase in TC with
wind velocity.

Textiles with a higher initial TR and
thus a lower initial TC were relatively more
affected by the increase in wind velocity
than fabrics with a higher initial TC [64].

_/7 sample

y o
' ’ e 7_7_//
[ e /

Figure 6. Wind acting as a cold plate in a TC measurement
set-up.

3.2.4 Temperature

The effect of temperature on TC was
investigated by different means; both the
ambient temperature and the temperature
difference between the measuring plates

were studied. Six studies investigated the
effect of ambient temperature (total
literature range -40 — +400 °C) on TC of
clothing. One study investigated the effect
of the temperature difference across the hot
and cold plate of the measurement device
(resp. 10 and 40 °C) and another one
investigated the effect of an increase in hot
plate temperature (40 — 240 °C) on TC.

Seven studies found a positive
relationship between temperature (both
ambient temperature and the temperature
differences between the plates) and TC of
textile. The only aberrant result was by
Zaslavskii and Ar'ev (1968), showing a
negative correlation between the ambient
temperature and TC of NY6, due to the
destruction of the crystalline formation of
NY6 during heating [49].

Generally, the main reason for the
positive correlation between temperature
and TC is that the kinetic energy of the air
molecules within the fabric sample
increases  with  increasing  ambient
temperature [54]. This increased Kinetic
energy results in a decreased convective
resistance which then increases TC.

3.2.5 Air layer thickness

The air layer thickness (total literature range
0 — 30 mm) between the sample area and
measurement device negatively influences
the apparent TC according to four studies
(Figure 7). TC measurement of a textile
sample gets biased by unintentionally
including TC of air. This correlation is the
highest when ambient temperatures are
higher than the hot plate temperature of the
measurement instrument [63]. Zhu and
Zhang (2007) however found a positive
correlation between a sample’s TC and the
enclosed air layer thickness (> 8 mm),
which they attributed to natural convection
increasing the system’s heat transfer [45].
At smaller air gaps (> 8 mm), air movement
does not exist within and around the fabric
and convective heat transfer does not take
place.
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Figure 7. Visualization of the air layer thickness between
the fabric sample and the hot plate.

Air layer thickness

3.2.6 Fabric compression

The effect of fabric compression on its TC
was investigated in three studies. Fabric
compression (total literature range 200 —
2100 Pa) has a positive correlation with TC.
As the compression increases, the sample
density and consolidation of fibers increase,
leading to a decrease in fabric thickness,
porosity and air volume fraction and
therefore an increase in TC [33, 50].
Andersson (1976) observed that this
correlation is more pronounced at lower air
pressures (0 —~0.3 GPa) due to its parabolic
relation with TC [33, 48].

3.2.7 Fabric extension

Fabric extension or elongation (total
literature range 10 — 80%) results in a
decrease in the measured TC of textile.
Aboalasaad et al. (2020) attribute this
decrease in TC as a result of porosity
increase due to fabric extension [68].

3.2.8 Horizontal heat leakage

Shen et al. (2019) defined the heat leaking
percentage as the percentage of heat leaking
from the edge and insulation material
instead of going through the sample [27].
This study determined that horizontal heat
leakage (range 0 — 11.2%) influences the

obtained TC measurement results. Samples
with higher longitudinal TC, TC in the
direction of the vyarn, had a higher
horizontal heat leakage percentage and vice
versa (Figure 8). For TC measurement of
textile, generally the value of transverse TC,
TC perpendicular to the yarn direction, is
desired. In most fabrics, this transverse TC
value is lower than the horizontal TC value
(see section 3.2.9). Yet, transverse TC was
negatively related to the heat leakage
percentage. Higher transverse TC would
enable heat to transfer through the material
easier and thus results in less horizontal heat
leakage. This implies that a guard plate with
high transverse TC could reduce the heat
leakage and improve the accuracy of the TC
measurement of the actual sample. The
clothing itself, however, with its low
transverse TC, would cause a higher heat
leakage percentage, which should be
considered during measurement.

Tran:k

Figure 8. Fabric on vyarn-scale elaborating on the
transverse and longitudinal TC.

3.2.9 Material orientation

Siddiqui and Sun (2018) studied the effect
of material orientation on TC of plain
woven fabrics [10]. It was concluded that

Table 5. Overview of factors affecting TC measurement of clothing per measurement method.

Fabric Moisture Wind Temperature  Air layer Compression  Fabric Horizontal ~Material ~ Emissivity Air Weight

thickness content velocity thickness

extension heat orientation of the pressure ambient
leakage plates gas

Selfmade GIP
Alambeta
Kawabata

Selfmade SGHP

HFB-1 tester . L]

Permetest L] .
Lee's disk (] .

Heat-flow meter . .

Hot disk .

Direct heating .

NS* . .

* Not specified
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fibers have higher TC in the longitudinal
direction, parallel to the yarn, than in the
transverse direction, perpendicular to the
yarn. This anisotropic behavior explains
why heat also travels along the fiber
direction in the yarn, resulting in horizontal
heat leakage, when determining TC across
the fabric thickness (section 3.2.8) [10].

3.2.10 Air pressure

Two studies investigated the effect of air
pressure on TC measurement of textile [48,
50]. Hoge and Fonseca (1964) showed that
with increasing pressure of the surrounding
air (0 — 1.3 bar), the measured TC of
clothing increased (0.15 — 0.36 W/mK). As
the air pressure decreased, the mean free
path of gas molecules was of the same order
of magnitude as the distance across which
the heat transfer is measured. Andersson
(1976) observed that this correlation was
higher at air pressures until 3 kbar, after
which it decreased due to its parabolic
relation with TC [33, 48].

3.2.11 Emissivity of the measuring plate

Bogustawska-Baczek and Hes (2014)
determined the effect of surface emissivity
of plates used in the measurement device on

B TC measured

E TR measured

the measured TC of fabrics [35]. The
surface emissivity was defined as the ratio
of radiated heat from the sample’s surface
to the heat radiation from a perfect emitter.
A very small increase (about 1 —5%) in TC
was observed after an increase in emissivity
of the plates (0.05 — 0.85). The positive
correlation between TC and emissivity of
the plates was linear, although almost
negligeable.

3.2.12 Molecular weight ambient gas

The effect of a change of gas surrounding
the clothing sample on the apparent TC of
clothing was investigated while preserving
the same pressure (atmospheric) and
temperature (33.9 °C). Hoge and Fonseca
(1964) describe that measuring TC of
clothing in environments with gasses with a
molecular weight lower than air (e.g.
Helium) results in higher apparent TCs of
clothing and vice versa.

3.3 Factors affecting TC,
measurement methods

A total of ten different measurement
methods were used in the investigated
studies to determine either TC or TR of a
clothing sample. Table 5 visualizes the

split by

W TC and TR measured
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Figure 9. Distribution of the use of measurement methods used to determine TC or TR of clothing.

*NS: not specified.
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Figure 10. Distribution of the determined factors affecting TC of clothing for either TC or TR-specific measurements.

factors affecting TC measurements per
measurement method.

3.4 Differences between TC and TR
measurements

Distribution of the use of TC and TR
measurement methods is depicted in Figure
9. For TC measurements, mainly the steady
state GHP method was used, either via a
self-made or a commercially available
device. TR measurements most often used
SGHP techniques. Likely due to the
difference in measurement methods for TC
and TR determination, a difference in
affecting factors is observed (Figure 10).

3.5 Effect size estimation of the influencing
factors
Results of the effect size estimation are
shown in Figure 11. In 26 cases, a relative
change in TC (ATC (%)) as a result of a
change in factor size could be estimated.
Similarly, this was possible for 16 factors
influencing TR. In 14 studies, study
outcomes did either not incorporate TC or
TR values (n = 10) or these values could not
be converted to Sl units (n = 4).

Moisture content (0 — 100%) showed the
greatest increase in TC in the total literature

range  (Figure 11-A). When only
considering the forensically relevant factor
range, the effect of fabric thickness was
dominant. Furthermore, the effect of air
layer thickness increased when
investigating the forensically relevant
range. The effects of air pressure, ambient
temperature, molecular weight of the
ambient gas, and the temperature difference
between the plates were negligibly small in
the forensically relevant range(Figure 11-
B).

Studies investigating the effect on TR
showed most influence of the air layer
thickness and fabric thickness effect (Figure
11-C). In the forensically relevant range, the
effect of fabric thickness was further
increased.

The moisture effect, investigated by
multiple studies and having a relative large
effect size as compared to other studies,
does not follow a linear relationship (Figure
11). In most studies the relationship is
approximately linear for a moisture content
of 0 to 25% and thereafter flattens (concave
form) till in reaches 100% moisture content.
Therefore, the range was split into low (0 —
25%) and high 925 — 100%) moisture
contents (Figure 12).
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Factor

Measured range

ATC (%) full investigated range

Forensically relevant range

ATC (%) forensically relevant range

Al layer thickness (Comvex) 05-10mm | [45] — 100 030 mm —— 3o
f;z‘,\‘:;‘“e‘sz convex == 001-1000mmHg | [50] — 140% 690 —800 mumbg 7%
‘Ambient femperature (Linear) 155-60°C | [30] D 20-+a0°C B 1%
0-130% | o) -10% W 6% 1

0-400c | [42) I 150% - 6%
Emissivity of the plates (- T Lo 0.05-0.55 [ o
Eabric compression (-) 200- 210088 | [33] 300% 200~ 2100 Pa I 300%
Fabric extension (Linear) o svmm | (9] % | |
Fabric thicknass (Lincar) Ls-132mm | [43] -10% W 02-7,5am 3250 E——

32-43mm | 6] -9 =
133-159mm | [25] .o ’

{g:“\“e’::;“ heat leakage 6-112% | [27) 6o I— §-112% <76% —
Moisture (Concave) 10-100% [50] I 1330 o 100 —— B

0-100% | [47) 361% —— 3510

10-90% | [44] 343% 755%

10-60% | [40] — 130% —— 5%

0-70% [34] I 100% I 50%

0-100% | [31] I 155% —— 55

0-100% | [29] — 104% — 4%

0-100% | [28) 275% — 1750

0-s0% | [29] 309% 409%

0-100% | [23] 55", I ————————————— 00"
Metecuiac weight smbient gas s-120gma | [50] -S1v E— 2997 gimol 0%
Temperature difference 20-220°C [45] I 140% 10 —40 °C . 6%
between plates (Linear)

10-40°C | [35] 1% ) 4%
Wind velocity () 0-3mis | [26] - 20 0-3mis - 20%

-200% -100% I 100% 200% 3008 400% s00% 600% ~400% -200% 0% 2008 00% 600% 500%

Relative TC increase

Relative TC increase

Figure 11A. Effect of factors influencing TC measurement of clothing, both for their full measured range and for an inter- or extrapolated forensically relevant range.
Between brackets () the shape of the relationship between the determined factor and TC is reported. (-) indicates the shape of the relationship is unknown.
1. aberrant result; 2 of unknown initial sample length; + or ++ indicates a (very) high effect on TC, (much) more than the percentages on the given graph axis.
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Factor

Measured range

ATR (%) full investigated range

TR change-% forensic relevant range

Air layer thickness 0-30mm [63] — 117% 030 mm I 117%
(Concave)
0-15 mm [56] I 280% . 558%
Ambient o =20 - +40 °C .
temperature 50- 100 °C [63] -29% -14% W
(Linear) 20-40°C | [56] 8% 1 21% M
10-20°C [54] -15% 0 -62% [
Fabric extension (S: 10-80% [68] 379 HE 37%
convex -> conca\'e)
Fabric thickness 0,81 -4.63 mm [67] I —— 700% 0.2-7.5 mm —+++
(Linear)
0-6mm [63]  60% . 2%
0.28 -0.48 mm [62] I 67% —++
0,23 -7.5 mm [61] I 100% I 101%
0.27 -0.83 mm [60] I 103% —
0.67 - 0,85 mm [55] — 137% —+++
5-250 mm [69] I 400% B 13%
Moisture (Convex) 0-100% [59] -520, M 0-100 % -520% [
Wind veloeity 0-65% (58] 750, 0-3m/s -100% |
(Linear)
0-2m/s [66] -45% -64% [
0-1.5m/s [65] -330, I -67% -
0.25 -1m/s [64] -8% 1 -30% M
0-30m/s [63] -29% 3% |
0-3mfs [54] -339, -33%

-200% -100% 0% 100% 200% 300% 400% 500% 600% 700% 800%

Relative TR increase

-200%

-100% 0%

(] o 0] % o o % o
100% 200% 300% 400% 500% 600% 700% 800%
Relative TR increase

Figure 11B. Effect of factors influencing TR measurement of clothing, both for their full measured range and for an inter- or extrapolated forensically relevant range.
Between brackets () the shape of the relationship between the determined factor and TR is reported. (-) indicates the shape of the relationship is unknown.

+, ++ or +++ indicates a (very) high effect on TR, (much) more than the percentages on the given graph axis.

900%
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ATC (%) over forensically relevant range
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Figure 12. Moisture content effect on TC in forensically relevant range, split for low (0

— 25 %) and high (25 - 100 %) moisture contents.

3.6 Cross-correlations between factors

The effect of air layer thickness is important
as it also influences the effect size of other
factors influencing TC measurement. In
particular, air layer thickness influences the
effects of fabric thickness and temperature.

Ding et al. (2011) investigated the effect
of both air layer thickness and fabric
thickness. The air layer thickness between
fabric sample surface and measurement
device was more dominant than the effect of
fabric thickness. When the air layer
thickness increased, the effect of fabric
thickness decreased [63].

Ding et al. (2011) also noticed an
increase in the rate at which TC changes
with temperature when the air layer
thickness increased (> 12 mm) [63]. As
there is an increased presence of air, its
thermal properties naturally become the
main contributor in the fabric’s TC. This
was confirmed by He and Yu (2018). In
case of lack of air gaps, almost no change in
TC occurred due to a change in temperature
(20 — 40 °C) [56].

However, temperature itself does
influence the effect size of fabric extension
on TC. The effect of extension on TC is
higher (absolute TC decrease at 40 mm
extension: 0,026 W/mK) at higher ambient

temperatures (> 50 °C). At lower ambient
temperatures (20 — 50 °C) the correlation is
small (absolute TC decrease: 0,005 W/mK)
[49].

4 Discussion

4.1 Interpretation of the results

The determined effect directions of the
different  factors influencing  TC
measurement of clothing were as expected.
An insulating material has low TC and a
conductor high TC. Only four of the
determined factors decrease apparent TC
and thus insulation; fabric thickness, air
layer thickness, fabric extension and the
molecular weight of the ambient gas. This
is reasonable as a loose, thick, 100% wool
sweater is a better insulator than a thin
polyester/elastane swimsuit tightly
enclosing one’s body.

Five factors positively correlate with the
determined TC of clothing, resulting in an
increased TC value. Increased moisture
content and higher wind velocity make
textile a worse insulator. This, again, is
understandable, as a rainy autumn storm
will soak one’s clothing and make one feel
cold as a result of higher apparent TC of the
clothing. The other factors (air pressure,
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temperature, emissivity of the plates, fabric
compression, horizontal heat leakage and
molecular weight of the ambient gas) with a
positive correlation with the determined TC
did not make the textile layer more
conductive, but merely influenced the
measurement thereof.

Furthermore, an unequal distribution in
the use of TC measurement methods was
observed (Figure 9). GHP- and SGHP-
based methods were used most often.
Differences between methods for TC and
TR measurements were present, even
though it was assumed factors affecting TR
of clothing would automatically affect their
TC and thus need comparable measurement
devices. TR was mainly determined using
the SGHP  method whereas TC
measurements were most often performed
with the GHP method or commercial
derivatives thereof (Figure 9). However, the
SGHP method includes an air flow in its
measurement, whereas the GHP method
does not. Therefore, it is understandable
that studies investigating the effect of wind
velocity prefer the SGHP method. Some
factors were thus more dominant during TC
measurements and others during TR
measurements (Figure 10). It is therefore
recommended to interpret these factors in
within the context of the applied
measurement  method.  Further, the
empirically determined correlations and
observations fit well with the theory
discussed in sections 1.1 and 1.2. Steady
state measurements, like GHP and SGHP,
are often recommended due to their high
accuracy and simple calculation compared
to transient state techniques [15].

The effect size estimation of the
retrieved factors is an order of magnitude
estimation. It shows which factors have a
more dominant effect on TC or TR than
others. This estimation, however, is mainly
based on graphs in the reviewed studies.
Interpretation errors may have occurred
when reading these graphs. Besides this,
major differences between studies exist in
terms  of  measurement  protocol,
measurement devices, type and material of

clothing and study aims. These would all
affect TC and/or TR measurement in
addition to the contact conductance which
is always present and already decreases TC.
Lastly, extrapolation of results was always
done assuming a linear correlation over that
range. As a result, the effect of air layer
thickness and horizontal heat leakage might
be underestimated. Also the effect of
moisture might be wrongly estimated,
although a distinction was made in effect
size between low and high moisture content
(Figure 12).

4.2 Recommendations for forensic practice
The results of this review should be
carefully considered in forensics. The
determined factors each play a role in the
cooling rate of a deceased victim, affected
by their clothing. To make an assessment of
TC of a piece of clothing that represents the
situation in which it was worn, it is
important to control the factors that could
potentially influence TC measurement.
Both best-practices in performing the
measurement and recommendations for the
design of a measurement device were
investigated. The most dominant factors
(ATC and/or ATR (%) > 100%) in their
forensically relevant range were fabric
thickness, moisture content, air layer
thickness and fabric compression, and are
discussed below.

4.2.1 High effect factors

Fabric thickness
As the fabric thickness correlates with TC
and as it could vary within a clothing piece,
the measured clothing sample must have a
thickness that is representative of the
majority of the clothing [74]. Otherwise,
multiple samples must be measured to
ensure a complete TC documentation.
Furthermore, adequate measurement of the
sample’s fabric thickness is indispensable.
As the effect size of fabric thickness on TC
is the highest, a small error in measured
thickness could easily result in a large error
in determined TC.
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Moisture content

Partly wet clothing samples (blood, urine
etc.) are often found in forensic practice.
Therefore, the effect of moisture content on
apparent TC of clothing is relevant to
consider when determining TC.

The effect of moisture content has a
linear relationship with TC until 25%
moisture content, which weakens to a
concave relationship at higher moisture
contents. Especially in the low moisture
content region (0 — 25 %), one cannot
discriminate the presence and amount of
moisture by eye. Therefore, it is important
to measure the sample in the same humidity
conditions as it was first worn in. This
strongly demands for measuring directly at
the crime scene or in an moisture controlled
box.

The moisture content in a fabric might
change over time, as a wet fabric dries when
kept in a ‘dry’ environment. In order to
minimize this physical change, it is advised
to start TC measurements as quickly as
possible once a deceased has been found
[74]. Furthermore, a closed measurement
chambre is recommended to avoid change
in clothing properties during measurement.

In order to mimic the initial moisture
content of the sample, one could rewet the
sample. In that case, one should be mindful
that the type of liquid determines the
maximum TC the wetted fabric will
achieve. A blood-soaked T-shirt should thus
not be rewetted with water. However, it is
hard to determine to what level the clothing
sample should be rewetted. Therefore, one
should recognize that the determined TC
value may be an underestimation of the true
TC of the clothing, when the sample dried
over time.

Air layer thickness

It is important to avoid the presence of air
layers between the clothing sample and the
measurement device plates. Air layers
increase the contact resistance and with that
decrease apparent TC. The achieved
apparent TC then strongly deviates from the
real TC. This increases even more for open

measurement chambers, due to an increase
in conductive and radiative heat leakage
[75]. A system that precisely encloses the
fabric sample with a controllable
compression on the sample would be
needed to achieve this.

Fabric compression

In general, clothing samples should not be
compressed during measurement, as it
highly increases apparent TC. However,
one must ensure the clothing sample and the
measuring plates connect to each other to
avoid the effect of air layers on TC. A
connection in which the sample and the top
plate are just touching would be ideal if the
clothing indeed was in an uncompressed
state.

When clothing was in a compressed
state, it should be simulated during TC
measurement. That way, measurements
with varying compressions could be
performed for the same clothing; one
measurement for a sample that was
compressed (e.g. by body weight) and one
measurement for clothing that was
uncompressed (e.g. on top of the deceased).
It is however challenging to determine the
compression that was initially exerted on
the clothing.

4.2.2 Moderate effect factors

Factors (ATC and/or ATR (%) 10 — 100%)
with a less dominant influence than the ones
mentioned  above, include ambient
temperature, fabric extension, horizontal
heat leakage, temperature difference
between the plates and wind velocity. For
these factors, it mainly is advised to keep
these factors constant during measurement
and make use of a closed measurement
system to avoid fluctuations in temperature
and wind velocity.

Furthermore, it should be considered
that the material’s stretch, and thus
elongation, might change when a sample is
cut out of the clothing. It is advisable to
keep the tension in which the clothing was
worn the same during sample measurement.
If a legging was worn stretched, the
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apparent TC could differ from the TC for
loosely hanging leggings.

Heat losses, found as horizontal heat
leakage in this review, include convection
and radiation to the surrounding and
conduction through the wires of the
temperature sensors [76]. As these heat
losses affect the apparent TC measurement,
it is important to minimize these in a TC
measurement method. To minimize the
effect of heat leakage, any TC measurement
device should be adequately insulated with
good insulating materials like
polyisocyanurate (0.02 — 0.025 W/mK), and
should have a sealed measurement chamber
[77].

4.2.3 Negligible factors

Some factors are negligible in forensic use
purposes due to their low effect (ATC
and/or TR (%) < 10%): air pressure,
emissivity of the plates and molecular
weight of the ambient gas.

Material orientation of clothing samples
was the only factor without any sizing
information. However, it is clear the sample
should be oriented in the plane the TC is
demanded.

Two factors (temperature difference
between the plates and fabric thickness)

affecting TC measurement are also an input
in the calculation of TC by the measurement
device (section 1.1). It is hence obvious that
measurement errors of these factors should
be minimized. Measurement standards by
ASTM (C177-19) and ISO (8302:1991)
help to establish accurate and reproducible
measurements [17, 78].

4.3 Limitations of this literature review
The applied PRISMA search method,
although transparent, might have induced
some bias. Firstly, only one database
(Scopus) was used for study selection.
Secondly, only studies investigating TC or
TR measurement of clothing were included.
Factors affecting TC of other materials
which are similar to clothing, such as
building insulation materials, might also
affect TC of textile. Therefore, some minor
or even major factors might have been
missed as a result of the applied search
strategy.

Lastly, during full-text screening, 28
studies could not be accessed by the author.
Besides this, 15 articles could not be
interpreted due to non-familiar languages
and were therefore excluded. Resultingly,
some information might have been missed.

Hot plate

ample

Cold plate

[ ] Positive correlation [ ] Negative correlation
Figure 13. Visualization of all determined factors influencing the TC measurement of clothing, specified for a GHP set-up.
Abbreviations: ALT, air layer thickness; AP, air pressure; (A)T, (ambient) temperature; EP, emissivity of the plates; FC, fabric
compression; FE, fabric extension; FT, fabric thickness; HHL, horizontal heat leakage; MC, moisture content. WAG, weight

ambient gas; WV, wind velocity.

22



5 Conclusion
A literature review of factors affecting TC
measurement of clothing was conducted.
Factors affecting TC measurement most
during forensic purposes include fabric
thickness, moisture content, air layer
thickness and fabric compression (Figure
13). To achieve accurate TC values in
forensic practice, it is important that the
sample and the test circumstances are good
representatives of the full clothing and the
conditions the clothing was worn in.
Furthermore, the clothing sample should be
adequately positioned in the measurement
device providing a good connection
between sample and measurement plates.
The results of this review, including a
rough factor size estimation, will guide in
TC measurement for forensic practice. This
will help in making a better PMI estimation
at a crime scene.
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