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ABSTRACT 

 

The detection of blood on fabrics for forensic purposes is a widely studied topic in 

forensic science, and to that end, effort in this laboratory has been devoted to developing 

a thermal imaging method called steam thermography. Steam thermography is a method 

used to enhance chemical contrast in thermographic images by exposing a surface to 

water vapor during imaging. The exposure of water vapor to the surface generates heat, 

and can differentially increase the thermographically measured apparent temperature of 

imaged surfaces. This can result in thermographic contrast between surfaces with 

different chemical properties. Previously reported proposed mechanisms to describe the 

chemical contrast enhancement of dried blood stains on fabric during a steam 

thermography measurement include a radiant heat transfer which warms the blood and 

fabric differentially, a convective transfer of heat from the water vapor to the blood stains 

and fabric which result in a differential heating, the deposition of condensed airborne 

water droplets which results in a differential change in apparent temperature, a 

differential condensation of liquid water on the sample surface, a change in thermal 

emissivities of the bloodstain and fabric such that the difference in the emissive power of 

the surfaces increases, and lastly, a differential adsorption of the water vapor. The studies 

reported in this manuscript address the potential mechanisms of the enhanced chemical 

contrast observed during a steam thermography measurement, and in doing so provide 

evidence that the adsorption of water vapor is the primary (and in specifically designed 
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experiments, the only) mechanism of the enhancement. Thermographic contrast 

enhancement for dried blood on acrylic, nylon, cotton, and polyester fabrics is 

demonstrated, along with measurements describing the change in emissivity as each of 

the fabrics and dried blood on acrylic fabric are exposed to varying amounts of humidity. 

The degree of contrast enhancement between dried blood stains on the above mentioned 

fabric substrates and the blank fabrics is also reported for the exposure of the samples to 

eight other solvent vapors during thermal imaging. Additionally, the effect to a steam 

thermography measurement of the silanization of a bloodstained cotton fabric using 

trimethylmethoxysilane is described.        
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CHAPTER 1: INTRODUCTION 

This manuscript focuses on several studies on the mechanism of steam thermography, 

a thermographic imaging method used to create or enhance chemical contrast during 

imaging, and the application of the method. Beginning with the knowledge base 

discussed in this chapter, measurements are described in Chapters 2 to 5 that aim to 

understand the contributions of various potential mechanisms of the chemical contrast 

enhancement observed during a steam thermography measurement. Lastly, Chapter 6 

documents the application of steam thermography for the detection of dried blood on 

fabrics.  

The first chapter reviews information important to the understanding of infrared 

thermography. It also provides a mathematical treatment of the radiance a thermal 

imaging camera measures, how that measurement is processed into a data file, and how 

that data file is processed into a form useful for analysis. Samples used in the 

thermographic measurements in this work are discussed. An overview of the potential 

mechanisms of the chemical contrast enhancement during a steam thermography 

measurement is given, and last is an outline of Chapters 2 through 6. 

1.1 INFRARED THERMOGRAPHY: THEORY 

Infrared thermography is an imaging method that uses the detection of infrared light 

as a method of measuring the temperature of a surface. As an object warms, the spectral 

radiance, LT,λ
BB , increases according to Planck’s law: 
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LT,λ
BB =  

2hc2

λ5 (e
hc

λkbT − 1)

 
(1.1) 

Where h is the Planck constant, c is the speed of light in a vacuum, T is the 

temperature of the object, λ is the wavelength of light, and kb is the Boltzmann constant. 

This describes the radiance of a perfect blackbody (superscript BB), but for a real-body 

this would be modified by the spectral emissivity. The emissivity (ε) of a surface is a key 

factor in a thermography measurement, another being the reflectivity (r). For an optically 

dense surface, the two sum to unity. During a thermography measurement, these two 

factors determine the relative amounts of light measured due to the observed surface’s 

thermal emission, and of light reflected from the surface. Only the fraction of the 

measured light emitted by the surface is directly related to the surface’s temperature.  

The radiation measured by the camera from a surface is modeled as coming from four 

distinct sources, shown in Figure 1.1.  The first two sources are direct emission from the 

sample (path A) and window (path B) to the camera.  The next two sources are 

reflections of room (or baffle) thermal emission back to the camera from the sample (path 

C) and from the window (path D). It is assumed that the angle dependence of the 

measured signal is negligible over the small angle subtended by the sample and reference 

areas used in the signal intensity averaging.  It is further assumed that the room/baffle 

thermal radiation can be treated as a blackbody radiator at ambient temperature, and that 

the contribution of the air itself is negligible.  
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Figure 1.1. Diagram of the sources of signal intensity measured by the 

camera. A) Radiation emitted from the sample, which passes through the 

window before reaching the camera. B) Radiation emitted from the 

window that reaches the camera. C) Radiation emitted from the 

surrounding environment, which passes through the window, reflects off 

of the sample, passes through the window a second time, and then reaches 

the camera. D) Radiation emitted from the surrounding environment 

which is reflected off of the window, and reaches the camera. The camera 

itself is positioned slightly angled with respect to the sample surface in 

order to limit the specular reflection of the camera lens from being imaged 

directly over the measurement are of the sample. 

While there are examples of the mathematical treatment of the sources of signal 

intensity in a thermographic measurement in literature, the specific case of the 

thermographic measurement of a surface in close proximity to an infrared window such 

that the reflectance of the sample-facing surface of the window is dominated by the 

sample emission has not been reported to date.
1,2

 Therefore, in the following discussion, 

the spectral radiance reaching the camera along each path is discussed individually before 

combining and simplifying. 
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The radiation from the sample along path A is subject to a series of reflections from 

the window, back to the sample/reference, and then back to the window. This radiance 

from the surface emission and the series of multiple reflections at temperature Ts, and at 

each wavelength λ (spectral radiance) is given by: 

LTs,λ
A =  

εs,λτw,λLTs,λ
BB

1 − rw,λrs,λ
 (1.2) 

Where εs,λ is the emissivity of the imaged surface at wavelength λ, τw,λ is the 

transmittivity of a window at wavelength λ, LTs,λ
BB  is the spectral radiance at wavelength λ 

for a perfect blackbody radiator at the temperature of the imaged surface Ts, rw,λ is the 

spectral reflectivity of the window at wavelength λ, and rs,λis the spectral reflectivity of 

the imaged surface at wavelength λ. The reflection terms in the denominator account for 

multiple reflections, and are a small correction to the overall radiance (on the order of 

1%). The rs,λvalue is taken as the reflectivity of the imaged surface in general. For 

specific cases it may be taken as the reflectivity of the sample or of the reference material 

even though some light from the sample will reflect from the reference material and vice 

versa.  

The second source (path B in Figure 1.1) is radiance of the window material directly 

into the camera along with the series of multiple reflections from the window emission 

reflecting from the sample surface back to the window, and is given by: 

LTa,λ
B =  εw,λLTa,λ

BB (
1 − rw,λrs,λ + rs,λτw,λ

1 − rw,λrs,λ
) (1.3) 
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Where εw,λ is the emissivity of the window at wavelength λ, and LTa,λ
BB  is the spectral 

radiance at wavelength λ  for a perfect blackbody radiator at ambient room temperature 

Ta. For the purposes of this calculation, the window temperature is approximated to be 

the same temperature as the room. This approximation is made because the temperature 

of the window material does not strongly influence our measurements due to its low 

absorption (vide infra) through the part of the thermal IR seen by the camera. 

The third source (path C in Figure 1.1) is due to thermal radiance from the 

surroundings that passes through the window, reflects from the sample, and then either 

passes through the window a second time or continues to reflect from the window to the 

sample surface again before reaching the camera or being absorbed. The radiance 

observed by the camera due to these reflections is given by: 

LTa,λ
C =  

τw,λ
2rs,λLTa,λ

BB

1 − rw,λrs,λ
 (1.4) 

The reflectivity of a sample is never less than a few percent.  Care is taken to ensure 

that the temperature of the surroundings is made as uniform as possible by the addition of 

a baffle and an intentional tilt of the thermal camera so that emission from the 

experimentalist, or the warm camera body, or other heated elements in the laboratory do 

not affect the measurements directly.   

The fourth source of radiance is the reflection of the radiance of the surroundings 

from the window directly back to the camera (path D), and this signal intensity is given 

by: 
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LTa,λ
D =  rw,λLTa,λ

BB  (1.5) 

This reflection is specular, so objects in the surroundings at a different temperature 

could be imaged by the camera via this reflection. The camera lens itself is an object that 

can appear in the images by this mechanism because it peers at the sample through an 

aperture in the baffle; to avoid this sharp feature in thermographic images, the region of 

interest in the sample selected for measurement is chosen in a part of the sample where 

only the featureless baffle’s direct reflection is visible.  

The total spectral radiance (LTs,λ
Tot ) reaching the camera for an imaged surface at a 

temperature Ts is the sum of the spectral radiance terms in Equations 1.2-1.5 above. LTs,λ
Tot  

can be simplified and written as: 

LTs,λ
Tot =

εs,λτw,λ

1 − rw,λrs,λ
LTs,λ

BB  + [1 −
εs,λτw,λ

1 − rw,λrs,λ
] LTa,λ

BB  (1.6) 

Integrals involving the spectral radiance will be required in the following steps, and in 

most cases we do not have quantitative estimates of the spectral reflectivity, emissivity or 

transmittivity parameters. We resort in this case to a graybody approximation – that the 

values are independent of wavelength over the “narrow” range of wavelengths observed 

by the thermal camera.
1
 Under this assumption, the subscript λ values can be removed 

from many of the quantities:  

LTs,λ
Tot =

εsτw

1 − rwrs
LTs,λ

BB  + [1 −
εsτw

1 − rwrs
] LTa,λ

BB  (1.7) 
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The signal intensity reported by the camera is related to the radiance by the spectral 

responsivity of the camera (Rλ) plus an offset factor (C), where C represents the value that 

the camera would measure for an imaged surface at absolute zero. This relationship is 

given in equation 1.8: 

ITs,w
Tot = ∫ LTs,λ

Tot
𝜆∞

𝜆0

Rλ + C (1.8) 

Where ITs,w
Tot  is the measured total signal intensity for the imaged surface (superscript 

Tot) at the temperature of the imaged surface (subscript Ts) viewed through a window 

(subscript w).  The total signal intensity reported by the camera while viewing a surface 

through the window is then given as: 

ITs,w
Tot =

εsτw

1 − rwrs
 ∫ LTs,λ

BB Rλ

λ∞

λ0

dλ + [1 −
εsτw

1 − rwrs
] ∫ LTa,λ

BB Rλ

λ∞

λ0

dλ + C (1.9) 

Equation 1.9 describes the signal detected in every measurement made in this work 

by an infrared camera. In cases where no window is used, the equation is simplified, as 

τw would then equal 1 and rw would equal 0. In the case of a perfect blackbody, the 

equation is similarly simplified, as εs would equal 1 and rs would equal 0. 

An object, black or ‘real’, will emit more light at all wavelengths at increasing 

temperatures. The peak wavelength (λmax) of light emitted by an object at temperature T 

is given by Wein’s displacement Law:  

λmax =  
b

T
 (1.10) 
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Where b is Wien’s displacement constant. The peak wavelength for objects near 

ambient temperatures is approximately 10 μm.  

1.2 INFRARED THERMOGRAPHY: METHODOLOGY 

An infrared thermographic measurement produces a thermogram – an image formed 

from thermal radiation incident on a detector. This can be produced by either a single 

detector scanning a scene to make an image from a series of measurements, or by an 

array of detectors making a measurement simultaneously. This array is called a focal 

plane array (FPA).
3
 A common FPA-based thermal camera detector, and the detector type 

used in the cameras in this work, is the microbolometer.  

The thermal imaging cameras used in this work are of the microbolometer FPA-type, 

which detect light in the long-wave infrared (LWIR) window, 8-12 μm. Microbolometer 

cameras use an uncooled array of micro-resistors which exhibit a change in electrical 

resistance when the detector material is heated by incident infrared radiation. This change 

in electrical resistance is measured as a change in the voltage of a current running 

through the resistor. This is then converted into a digital signal referred to in this 

manuscript as the signal intensity. By default, most thermal imagers then convert that 

signal into a temperature. This conversion is based on an assumed surface graybody 

emissivity, and consequently also based on the graybody reflectivity of the surface.
3
 In 

this work, measurements are recorded as the digital signal intensity, without any 

temperature conversion. This data is saved into a binary (.bin) file, uncompressed, using 

an interface developed in-house in the LabVIEW 2013 programming environment 

(National Instruments, Austin, TX). Each binary file is processed into a three dimensional 

array with dimensions X and Y corresponding to the array of pixel intensities, and the Z 
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dimension corresponding to the order of the frames in time using MATLAB R2012b 

(The MathWorks, Inc., Natick, MA). Unless otherwise stated, each recording reported in 

this manuscript is performed at 30 frames per second. The Matlab program used for this 

processing step is called ‘binarymovie’ and can be found in Appendix A.  

A signal intensity-temperature calibration was performed for this camera in 

December 2015 across a range of temperatures from 30 °C to 50 °C referenced against a 

blackbody calibration standard (Optronics Laboratories, Orlando, Fl, model OL 480). The 

data was fit using a linear regression (R
2
 = 0.9996), with a slope of 227.54±1.44 intensity 

units per degree Celsius, and a y-intercept of 12674±58.4 intensity units.  

1.3 SAMPLE FABRICS 

The work reported in this manuscript consists of measurements on four fabrics: a 

purple acrylic, a brown polyester, a green nylon, and a red cotton fabric. The fabrics used 

in this study have been the subject of several publications by this laboratory, and 

information about properties the fabrics and the fibers they are composed of are 

consolidated here in Table 1.1, including the dyes used for each fabric, along with 

references to publications in which a number of spectroscopic measurements on each 

fabric are reported by this research group.
4-15

 Each fabric was commercially obtained 

undyed, and subsequently triple-dyed at North Carolina State University’s Wilson 

College of Textiles in 2004.  

 Because the cotton and nylon fabrics are twills, they have two distinct faces. One of 

the faces has warp threads that are the most prominent, while the other is dominated by 

weft threads. In both cases, however, the two types of threads contribute to the exposed 
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surface. The warp-dominant side of the fabric was the face used in these measurements 

for both fabrics.  

Table 1.1. Fabric and fiber properties of the four fabrics used in this study. 

Specific surface area and areal density measurements are reported in 

Reference 6. Thread count and cover factor are calculated based on optical 

microscopy of the fabrics. Fiber diameter and the linear density 

calculations are based on SEM measurements of the four fabrics (data not 

shown).  

 

In this manuscript, the acrylic fabric used in these measurements will be referred to as 

Acrylic 917, to differentiate it from any other acrylic fabric.  

Acrylic fiber is a synthetic polymer fiber made from acrylonitrile, shown in Figure 

1.2. While acrylic fibers are hydrophobic (adsorbing up to 2% moisture content by mass), 

the fiber does have a sorption site for water to hydrogen bond at the lone pair of the 

triple-bonded nitrogen.
16

 The dipole moment in the nitrile group provides for a strong 

intermolecular attraction, and as a result, acrylic fibers are very strong.
17
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Figure 1.2. The polyacrylonitrile monomer. The exposed nitrile group acts 

as a potential bonding site during adsorption. 

In this manuscript, the polyester fabric used in these measurements will be referred to 

as Polyester 905, to differentiate it from any other polyester fabric.  

Polyester fiber is a synthetic fiber made primarily from polyethylene terephthalate, 

shown in Figure 1.3. Polyester is reported to be very hydrophobic, adsorbing around 1% 

of its mass in moisture at high humidities.
16

  

 

Figure 1.3. The polyethylene terephthalate monomer. The carbonyl 

oxygens are available as potential bonding sites during adsorption of water 

vapor.  

In this manuscript, the cotton fabric will be referred to as Cotton 899, to differentiate 

it from any other cotton fabric. 

Natural fibers such as cotton have been extensively studied, including studies of how 

cotton interacts with water.
16, 18

 Cotton is composed of fibers built from cellulose (94% 

by weight), and hemicellulose (6% by weight).
18

 It is very hydrophilic, adsorbing around  
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Figure 1.4. The cellulose monomer. The six hydroxyl groups are potential 

sites for strong hydrogen bonding during water vapor adsorption.   

15% moisture content by mass near saturation.
16

 Cellulose (shown in Figure 1.4) has the 

ability to undergo extensive hydrogen bonding, and this results in a very strong fiber.  

In this manuscript, the nylon fabric will be referred to as Nylon 911, to differentiate it 

from any other nylon fabric. 

 

Figure 1.5. The nylon 6,6 monomer. Both amide groups provide potential 

sites for the adsorption of water vapor. 

Nylon fibers are a polyamide. This particular fabric is nylon 6,6, and the monomer is 

shown in Figure 1.5. The amide groups provide sorption sites for moisture. Nylon shows 

a high degree of hydrophilicity for a synthetic fabric, and it is capable of adsorbing 

around half of the amount of moisture that cotton adsorbs at a given humidity.
16
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1.4 OVERVIEW OF STEAM THERMOGRAPHY 

Steam thermography is a thermal imaging method in which chemical contrast 

between different surfaces during imaging is enhanced by taking advantage of the 

difference in the hydrophilicity of those different surfaces being imaged. While the 

surface is being imaged, it is exposed to steam or humid air. Surfaces exposed to water 

vapor respond with different thermal signatures, and the surfaces can then be 

differentiated more efficiently during imaging.    

Steam thermography was first reported on by O’Brien et al. in a demonstration of the 

method in which thermal contrast was enhanced during thermographic imaging by the 

exposure of steam to an acrylic 917 fabric sample with dried blood stains made from 

dilute rat’s blood.
5
 In Reference 5, the enhancement of thermal contrast during 

thermographic imaging of dilute blood stains on a black polyester fabric with a metallic 

skull-and-crossbones print was also reported when the sample was exposed to steam. An 

application of steam thermography was published a second time in Belliveau, et al. (work 

which is described in detail in Chapter 6), when the method was applied to enhancing 

thermal contrast during thermographic imaging of simulated transfer fingerprints made 

with rat’s blood on the acrylic (917), polyester (905), and cotton (899) fabrics described 

above.
6
  

Six possible mechanisms for the response observed in a steam thermography 

measurement were previously identified.
5
 One possible mechanism is that water vapor 

condenses into liquid water on the sample surface. The process of condensation is 

accompanied by a release of heat (2.45 kJ per gram of water), and the transfer of the heat 

of condensation to the sample surface could result in a differential heating between 
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sample surfaces with different heat capacities.
16

 A second possible mechanism is the 

condensation of water vapor in the air before contacting with the sample surface, and 

then subsequently wetting the sample surface once in contact. The process of liquid water 

wetting a surface is also associated with a release of heat. This has been reported for 

fabrics such as cotton, in which the heat of wetting at 25 °C is 45.2 Joules per gram of 

dry cotton material.
19

 Surfaces which have been wetted during imaging would likely 

show differential thermal responses due to the differences in the heats of wetting and heat 

capacities of the different materials. Additionally, the droplets formed in the air in transit 

to the sample may be of a different temperature than the sample surface after the 

processes of condensation and evaporative cooling, resulting in different amounts of heat 

transferred across the sample surface. Once wet, the diffuse component of a surface’s 

reflectance is generally decreased. This would be detected during thermal imaging as an 

increase in signal intensity if the surface is a higher temperature than the ambient 

background (or vice versa for a lower temperature surface). A third possible mechanism 

is a radiant transfer of heat from the relatively hot source of steam to the sample surface, 

which would result in thermal responses of surfaces that would differ by a factor related 

to the optical properties (specifically reflectance) of the materials in the thermal 

infrared.
13, 15

 A fourth possible mechanism is a convective transfer of heat as the 

relatively hot steam comes in contact with the sample surface. Similarly to the process of 

condensation described above, surfaces with differing heat capacities would show a 

differential thermal response under otherwise identical heat transfer scenarios.  

A fifth possible mechanism is the transfer of heat to a surface as adsorption of water 

vapor occurs during imaging. The thermal response of a surface in this case is based on 
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the heat of adsorption, heat capacity, rate of vapor adsorption, and surface area of the 

surface material being imaged. This process is especially energetic among the so-far 

described possible mechanisms. For a dry sample that adsorbs liquid water until 

saturation, the transfer of energy is equal to the heat of wetting for a dry material, which 

may be on the order of tens of Joules per gram of dry fabric. For a dry sample that 

adsorbs water vapor until saturation, the transfer of energy is increased for every gram of 

water by the latent heat of vaporization (2.45 kJ per gram of adsorbed water from vapor). 

As an example, a hydrophilic fabric such as cotton can adsorb up to 15% to 20% of its 

dry mass in water. This equates to upwards of 0.2 grams of water per gram of cotton 

material, which in turn results in upwards of 490 Joules released per gram of dry cotton 

in addition to the heat of wetting for cotton. This yields a process which is around an 

order of magnitude more energetic than the wetting process, all else equal.
16

  

A sixth possible mechanism is that adsorbed water alters the thermal emissivity of a 

surface. This process is a result of both the surface’s emissivity changing such that the 

apparent emissivity is more like that of liquid water, and also that the light scattering of 

the surface is decreased as the adsorbed water acts to create a surface that has a lowered 

surface roughness.
20

 The effect of adsorbed water changing the emissivity of a surface 

has been reported in literature for soils.
21,22

 Surfaces for which the apparent emissivity is 

altered by the adsorption of water vapor would exhibit a differential thermal contrast 

related to the amount of water adsorbed, the difference in apparent emissivity of water 

and that surface, and the degree to which a surface’s light scattering properties are 

reduced by the coating of adsorbed water.  
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1.5 DISSERTATION OUTLINE 

Chapter 2 describes measurements made to test several possible mechanisms of the 

chemical contrast enhancement observed during a steam thermography measurement. 

These measurements provide evidence further of water vapor adsorption as the primary 

mechanism, and also establish several necessary experimental conditions to test the 

enhanced chemical contrast of a steam thermography measurement.  

The third chapter continues the work of Chapter 2 by demonstrating enhanced 

chemical contrast of dried blood on fabric surfaces in vacuo during both the adsorption 

and desorption of water vapor. Also described in this chapter are the results of a study 

into the chemical contrast enhancement observed as a result of the adsorption and 

desorption of vapors of eight solvents besides water, with varying degrees of polarity. 

The results of an experiment attempting to increase the chemical contrast of dried blood 

on cotton by silanizing the sample are given.  

The work in Chapter 4 describes a study into the sensitivity the thermal emissivity of 

sample fabrics to adsorbed moisture. The calculation of thermal emissivity using a 

thermographic camera is derived. Interpretation of the moisture isotherm data using the 

Guggenheim, Anderson, de Boer (GAB) sorption model is discussed. Fabric emissivity as 

a function of moisture content is given, along with a proposed mechanism for the result. 

A novel use of household polyethylene film as an infrared window, and optical properties 

of the window used in this study are reported.    

Chapter 5 details measurements of the emissivity of dried blood on fabric as a 

function of humidity, and the relationship of the emissivity of these surfaces to the 
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chemical contrast observed during a steam thermography measurement. This study shows 

that a differential change in emissivity does occur as water adsorbs to acrylic fabric, and 

that the differential change in emissivity acts to decrease the contrast between the 

surfaces.  

Chapter 6 reports the application of steam thermography to the imaging of ridge 

patterns of blood-transferred simulated fingerprints. Microthermographic measurements 

of dried blood on acrylic, polyester, and cotton fabrics show greater detail than available 

during conventional thermographic measurements.    
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CHAPTER 2: STEAM THERMOGRAPHY IN CONTROLLED 

CONDITIONS 

2.1 INTRODUCTION 

Following the work by O’Brien, which was described in section 1.5 (Overview of 

Steam Thermography) of Chapter 1, the exact conditions and mechanisms which drove 

the chemical contrast enhancement during the steam thermography measurement reported 

in that work were undetermined.
1
 It was hypothesized that of the six potential 

mechanisms, water vapor adsorption was the primary source of the enhanced chemical 

contrast, and that four of the other potential mechanisms described at the end of Chapter 

1 are at least somewhat a result of using a handheld steamer as the source of water vapor 

for a steam thermography measurement. The steamer itself is hot in relation to the sample 

(allowing for the radiative transfer of heat), the gas generated by the steamer is also hot in 

relation to the sample (allowing for the convective transfer of heat), the steam can 

condense into droplets in the air (allowing for wetting effects), and can condense into 

liquid water on the sample (allowing for a transfer of heat equal in magnitude to the latent 

heat of vaporization). The relative contribution of a differential change in emissivity was 

unknown based on measurements made with the steamer.   

An additional problematic aspect of using a handheld steamer as the source of water 

vapor in a steam thermography measurement is the heterogeneous application of the 
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water vapor to the sample. The stream of steam coming from the steamer is about three 

inches in diameter. Moving the steamer during application of water vapor results in areas 

of the sample that were previously subject to vapor exposure becoming suddenly subject 

to the relatively dry, relative cool ambient conditions. This prevents any area of the 

sample larger than the steamer stream from being consistently exposed to steam. 

Additionally, the reverse process of water vapor adsorption, water desorption, begins to 

occur immediately after the sample surface is no longer subject to an increased 

concentration of moisture in the air, relative to the ambient conditions. The result of this 

is that during a typical 60-80 second steam thermography measurement of a sample the 

size of a handprint, various areas of the sample are adsorbing water vapor, desorbing 

water vapor, or not in contact with conditioned air at all. Figure 2.1 shows two frames 

from a recording of a previous steam thermography measurement of five blood stains on 

an acrylic 917 fabric, described below.
1
 The left frame shows an intial exposure of 

 

Figure 2.1. Two frames of the exposure of steam to an acrylic 917 fabric 

sample with 5 bloodstains on its surface, using a handheld steamer. The 

frames are approximately 15 seconds apart. The right frame shows the 

heterogeneous application of the steam. The left frame shows increase 

contrast for each stain after steam has been applied to each stain.  
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steam to the fabric. Contrast is enhanced for the ‘X’ stain, and some parts of the 

surrounding stains. The right frame shown in Figure 2.1 shows enhanced contrast for all 

five stains about 15 seconds later in the same recording, after the steam has been applied 

to each stain.  

In several steam thermography video recordings of dried blood stains on acrylic 

(fabric ID 917) using a handheld steamer, it was observed that seconds prior to the steam 

coming in contact with the sample, the contrast between the blood stain and substrate 

fabric was increased. Figure 2.2 shows three frames from a steam thermography 

recording of dried blood on acrylic. In the left frame, there is no observed contrast. In the 

middle frame, the sample is not yet exposed to water vapor; however the steamer was 

placed in close proximity to the sample in preparation to expose the sample to steam. 

Contrast is observed between the blood-stained areas (which appear darker) and the blank  

 

Figure 2.2. Three frames from a steam thermography recording of dried 

rat’s blood on the acrylic 917 fabric. Left: Thermal imaging of the fabric 

prior to both exposure to water vapor or bringing the steamer in close 

proximity to the sample. Center: The hand-held steamer is positioned 

close to the sample in preparation to expose the sample to steam. Right: 

The sample during exposure to steam. This sample is described in detail in 

Chapter 6.  
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fabric areas in this frame. In the right frame, the sample is shown during exposure to 

steam, which results in an enhancement of contrast between the stain and fabric.  

The contrast observed in the middle frame of Figure 2.2 is likely due to the difference 

in the reflectivity of thermal radiation between the stain and fabric.
2, 3

 The bloodstain, 

during this time period of 1 to 2 seconds, reflects less of the thermal radiation emitted 

from the steamer to the camera than the fabric itself. The fabric is reflecting more of the 

radiation of the nearby steamer to the camera. The fabric is therefore observed to the 

brighter (a higher apparent temperature) than the blood. As the recording continues, it is 

not possible to differentiate the reflected thermal radiation from the thermal response of 

the surfaces as the exposure to steam occurs.  

These situations, in addition to the need to prevent the source of water vapor used in 

the method from being near saturation conditions, highlight the need of an apparatus 

designed specifically to conduct a steam thermography measurement. Four goals for such 

an apparatus are: 

 Create a controlled exposure of both increased and decreased water vapor 

concentrations. 

 Maintain isothermal conditions to prevent convective and radiative heat transfer. 

 Prevent conditions in which water may condense during a measurement. 

 Allow for a sample to be thermographically imaged while being subject to the 

conditioned air while simultaneously protecting the camera from those conditions.    
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The work in this chapter describes the construction of this apparatus, and steam 

thermography measurements performed with the apparatus to validate the completion of 

the listed goals.  

2.2 EXPERIMENTAL 

2.2.1 SAMPLE CONDITIONING 

A diagram of the in-house built apparatus used to condition the fabrics prior to each 

measurement is shown in Figure 2.3. The apparatus is composed of three chambers 

constructed of plywood, connected by two 2” PVC ball valves. In Figure 2.3, the air in 

the left chamber is dehumidified using a commercially available Kenmore dehumidifier 

(Sears, Chicago, IL, Model 580) set to the highest fan setting and the driest humidity 

setting. During operation, the air in this chamber was conditioned to 5% relative humidity 

(RH) and 65 °C, heated only by the dehumidifier. In the right chamber shown in Figure 

2.3, the air is humidified by a household humidifier, and heated using a 750 watt heater 

fan (Geneva Industrial Group, Northbrook, IL, Soleil brand, model LH-879G). The air in 

this chamber was conditioned to 95% RH and 35 °C. In the middle chamber shown in 

Figure 2.3, the sample fabric rests on a plastic mesh 12 inches from the bottom of the 

chamber. The sample is centered to allow an equivalent amount of airflow around each 

side of the sample. This is done to prevent a path of airflow with lower resistance to flow 

in other areas of the chamber such that a greater amount of moisture travels through the 

chamber in the direction of the lower resistance to flow. Airflow into the middle chamber 

shown in Figure 2.3 is controlled by two 2” PVC ball valves, one each of which is 

positioned between the middle chamber and the two side chambers. Airflow out of the 

sample chamber is controlled by two rack-mounted fans in the bottom of the chamber.  
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Figure 2.3. Diagram of the apparatus used to supply humidified or 

dehumidified air to a sample fabric during a steam thermography 

measurement. Dehumidified air is supplied to the sample (middle) 

chamber by opening the valve to the dehumidified air chamber (left) and 

closing the valve to the humidified air chamber (right). The conditions of 

the sample chamber are 35 °C and 30% RH while air to this chamber is 

supplied by the dehumidified air (left) chamber. The air in the humidified 

air chamber (right) was conditioned to 35 °C and 95% RH during this 

time. A steam thermography measurement was performed by initializing 

the camera recording, closing the valve to the dehumidified air chamber 

(left), opening the valve to the humidified air chamber (right), and 

engaging the exhaust fans under the sample fabric.         

Prior to a measurement, the sample chamber is conditioned to 30% RH and 35 °C by 

opening the valve to the dehumidified air chamber and closing the valve to the 

humidified air chamber. Because the sample chamber reaches no less than 30% RH when 

conditioned by the dehumidified air chamber, this is humidity of the dehumidified air at 

the temperature of the sample chamber. In this study, when referring to an exposure of 

dehumidified air, that refers to the air which equilibrates at 30% RH and 35 °C in the 

sample chamber. The temperature in each chamber is measured by a thermocouple probe 

in inserted into the top of the interior of each chamber. The probe for the middle chamber 

is seen in Figure 2.4. Humidity is measured in each chamber using an RH probe (Omega 
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Engineering Inc., Norwalk, CT, model HX71-MA) with a measurement range of 5-95% 

RH and an accuracy of 4% RH. Measurements made by both temperature and humidity 

probes are converted to digital reading by a DAQPro Data Logger (Omega Engineering 

Inc., Norwalk, CT, model OM-DAQPRO-5300). 

 

Figure 2.4.  A photograph of the camera, which collects thermographic 

measurements through a sodium chloride window, and the temperature 

probe used to measure the temperature of the sample chamber.  

2.2.2 THERMOGRAPHY 

Thermal images are recorded through a sodium chloride salt window by a FLIR 

Systems A315 microbolometer-based camera (16 bit digitization, 240 x 320 pixel 

resolution, 30 Hz frame rate) operating in signal linear mode using an interface developed 

in-house in the LabVIEW 2013 programming environment (National Instruments, 

Austin, TX). The camera is mounted to the top of the sample chamber, shown in Figure 

2.4. The camera focus is set by measuring the distance from the camera lens to the 

sample surface, and using the empirically-derived Equation 2.1 to determine the ‘absolute 

position’ (A) that the camera must be set to: 
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A= 3106.5-(1885.4e(-0.03105x)) (2.1) 

Where x is the distance in inches. This equation was determined by Nick Boltin in 

2013, and was based on a curve fitting of focus-determination measurements from 6 to 37 

inches. More details about the way camera measurements are made and processed can be 

found in Chapter 1.   

A steam thermography recording using this apparatus is made by first conditioning 

the sample chamber of the apparatus to 35 °C and 30% RH by opening the sample 

chamber to airflow from the dehumidified air chamber. The humidified air chamber is 

conditioned to 35 °C and 95% RH. Then, an 80 second (2400 frame) thermal camera 

recording is initialized. The valve between the dehumidified air chamber and the sample 

chamber is closed, the valve between the humidified air chamber and sample chamber is 

opened, and then the exhaust fans underneath the sample fabric are turned on. This draws 

air from the humidified air chamber through the sample chamber. The corresponding rise 

in humidity is recorded, and the temperature is monitored to ensure the air in both 

chambers does not change. 

After the sample exposure to humidified air is recorded, the exhaust fans are stopped 

and a second recording of 80 seconds is initialized. The valve between the humidified air 

chamber and the sample chamber is closed, the valve between the sample chamber and 

dehumidified air chamber is opened, and the exhaust fans under the sample are powered 

again, drawing dehumidified air into the sample chamber. 

The two recordings of 2400 frames each are then processed using MATLAB R2012b 

(The MathWorks, Inc., Natick, MA). 
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2.2.3 SAMPLE FABRIC 

This study reports the results of controlled steam thermography measurements of 

blood stains on the acrylic 917 fabric referenced in Chapter 1. This sample will be 

referred to throughout this manuscript as Fabric 1. It was prepared in 2010 and is 

described in more detail in Brooke et al. and O’Brien et al.
1, 2

 Rat’s blood was applied to 

the surface of the fabric by dripping the blood or blood dilution from a glass pipette. Five 

figures were made on the surface of the fabric in the shape of Roman numerals. I for 

whole blood, X for 10x dilute blood, V for 25x dilute blood, L for 50x dilute blood, and 

C for 100x dilute blood.  

2.3 RESULTS & DISCUSSION 

An individual frame from a steam thermography recording of Fabric 1 is shown in 

Figure 2.5. All five Roman numerals can be seen in the image, although the 25x dilute 

blood stain (V, top right), the 50X dilute stain (L, bottom left), and the 100X dilute stain 

(C, bottom center) are only faintly visible. Dilute stains appear to have less definition 

than the whole blood stain, which is likely due to the blood dilution wicking into the 

fabric when the stains were first created.
4
  

After exposure of Fabric 1 to humid air for 30 seconds, the air supplied to the sample 

is switched from humid air to dehumidified air. An individual frame from a steam 

thermography recording measured 15 seconds after the apparatus is switched to expose 
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Figure 2.5. A frame from a steam thermography recording of Fabric 1 

during exposure to humid air. All five blood stains have an increased 

contrast compared to the surrounding fabric. The red outlines show the 

locations of the 25X dilute stain (V) in the top right, the 50X dilute stain 

(L) on the bottom left, and the 100X dilute stain (C) at the bottom center.  

the sample to dehumidified air is shown in Figure 2.6. All five Roman numerals can be 

seen, but the stains appear darker (a lower apparent temperature) than the surrounding 

fabric. More dilute stains appear to have less definition than the whole blood stain, 

similarly to the stains during exposure to humid air (Figure 2.5). However, the contrast 

between the fabric and stains is stronger in this case when measuring a humidified sample 

being exposure to dried air, than a dried sample during exposure to humid air.  

The enhanced contrast observed in Figures 2.5 and 2.6 demonstrate several qualities 

of a steam thermography measurement. The humidified air exposure measurements 

reported here are at isothermal conditions, such that the enhanced contrast cannot be a  
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Figure 2.6. A frame from a steam thermography recording of Fabric 1 

after exposure to humid air. Within 30 seconds of the end of exposure to 

humid air (~95% RH), the sample is exposed to dehumidified air (~30% 

RH). This frame is within five seconds of the exposure to dehumidified 

air. All five blood stains have an increased contrast compared to the 

surrounding fabric.  

result of a convective or radiative heat transfer. While the air in the humidified air 

chamber is near saturation conditions, the air that reaches the sample during exposure is 

mixed with dried air in transit, and as a result is not near saturation conditions. This is not 

conclusive, but is additional evidence that water vapor is not condensing on the sample 

surface, possibly contributing to the enhanced contrast. This also is evidence that water 

was not condensed in the air before reaching the sample, as water vapor in the humidified 

air chamber was not subject to conditions in transit to the sample that would result in 

droplet condensation.  

While the contrast observed during the humidifying phase of the experiment does not 

provide evidence of the processes of a differential emissivity change between the fabric 

and stain, the contrast observed during the drying phase of the experiment is inconsistent 
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with the type of thermal response that a differential change in emissivity would exhibit. 

Additionally, any thermal response due to a change in either fabric or bloodstain 

emissivity would be retained while the moisture content of the material is constant. These 

results therefore provide insight for a potential method of understanding the change in 

surface emissivity as a function of moisture content. The emissivity considerations of a 

steam thermography measurement are addressed further in Chapters 4 and 5.  

2.4 CONCLUSIONS 

This work illustrates that the chemical contrast observed in a steam thermography 

measurement of blood on fabrics is not a result of radiative or convective differential heat 

transfer, and that the method does not require a sample to be exposed to steam, only to 

humidified air. Chemical contrast can be observed between blood and fabrics in 

isothermal measurement conditions in at least some cases. These results also suggest that 

the primary mechanism by which the chemical contrast during a steam thermography 

measurement is enhanced is by water vapor adsorption, based on observations that the 

samples have a positive thermal response (heating) on exposure to air containing 

increased water vapor concentrations, and a negative thermal response (cooling) on 

exposure to air containing lower water vapor concentrations.    
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CHAPTER 3: THERMOGRAPHY OF THE ADSORPTION AND 

DESORPTION OF VAPORS IN VACUO 

3.1 INTRODUCTION 

The preliminary work done to establish basic controls of a steam thermography 

measurement described in Chapter 2 demonstrates that the enhanced contrast observed in 

a steam thermography measurement does not require any radiative or convective heat 

transfer to the sample, provides evidence that the contrast enhancement is independent of 

any sample wetting by condensed water, and also evidence that the contrast is 

independent of liquid water condensation on a sample surface. Furthermore, the work 

described in Chapter 2 demonstrates evidence that the adsorption of water vapor to a 

surface results in an increase in the temperature of that surface, even under isothermal 

conditions (i.e. the surface and water vapor are the same temperature). It also 

demonstrates that once the supply of increased water vapor concentration to the surface is 

stopped, the surface begins to cool, which is likely evaporative cooling caused by the 

reverse of the adsorption process. Of the six identified possible mechanisms to explain 

the chemical contrast enhancement observed during a steam thermography measurement 

(differential radiant heating, differential water vapor adsorption, differential condensation 

of water vapor, a differential change in emissivity, the deposition of liquid water droplets, 

differential convective heating), isothermal measurement conditions exclude radiant and 

convective heating as possible mechanisms. The possible mechanisms of enhanced 
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chemical contrast which remain in question after examination of the results shown in 

Chapter 2 are that the fabric and bloodstains are differentially heating due to the 

adsorption of water vapor, that the fabric and bloodstains are undergoing a differential 

change in their thermal emissivities due to the introduction of water vapor to the sample, 

and/or that water vapor is condensing on the sample surface. It was also not conclusive 

that water droplets were not reaching the sample surface and contributing to the contrast 

enhancement that was observed.  

During the disequilibrium of a sample exposure to a change in humidity, it would not 

be possible to de-couple the thermal response of a sample during the adsorption of water 

vapor (which creates differential heating of the surfaces) with the thermal response of a 

differential change in thermal emissivity also due to the adsorption of water vapor. 

However, it would be possible to exclude other possible factors, such as the possibility of 

water vapor condensation on a surface contributing to a thermal response observed by the 

thermal camera during a measurement. The work presented in this chapter aims to 

definitively demonstrate that the exposure of water vapor to a sample surface results in a 

thermal response which is independent of both vapor condensation into a liquid and 

wetting by liquid droplets of airborne water by reporting the results of a series of 

thermography measurements made on bloodstained fabrics exposed to water vapor while 

under vacuum at ambient temperatures. To prevent any water vapor condensation, the 

vapor pressure of water vapor introduced in vacuo must never rise close to saturation 

conditions (~24 Torr at 25 °C). This chapter describes three studies of thermography 

measurements of various fabric and bloodstained fabric samples exposed to vapor 

pressures of no greater than 10 Torr at 25 °C. First, the results of a bloodstained acrylic 
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sample exposed to water vapor are presented. This study is analogous to a steam 

thermography measurement, with the difference being that the sample is maintained 

under vacuum prior to the measurement, and then a fixed amount of water vapor is 

introduced to the sample. 

The work described in the latter two studies in this chapter are motivated by the 

theory that water vapor adsorption is the primary mechanism of the contrast enhancement 

in a steam thermography measurement. If water vapor adsorption is the primary cause of 

the thermal response observed on a given surface by a thermal imager, then factors 

affecting that response are the heat of adsorption for a given vapor adsorbing on the 

surface, the heat capacity of the surface, the rate of vapor adsorption onto/into the surface 

material, and available surface area of the material. This indicates that different vapors 

would result in different thermal responses. The heat of adsorption is a result the 

adsorbent-adsorbate complex creating a system of reduced free energy compared to the 

free vapor and surface. The degree to which the free energy is reduced is a factor of, 

among other properties, the polarities of the adsorbent and adsorbate.
1, 2

 The implication 

of this is that the exposure of different solvent vapors of varying polarity will correlate 

with the thermal response of a surface during thermographic imaging. To study this, 

results from thermographic measurements of bloodstains on fabrics and blank fabrics 

during exposure to vapors of varying degrees of polarity are presented and discussed.  

The results of the solvent study provide further motivation for the third study 

presented in this chapter. Cotton fabric is highly hydrophilic, having both a high capacity 

for water adsorption, and a high enthalpy of adsorption.
3, 4

 The thermal response of a 

cotton fabric exposed to water vapor during a thermographic recording is predictably 
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large in magnitude compared to the acrylic fabric which has been so far reported. 

However, bloodstains on cotton are also highly hydrophilic, having also both a high 

capacity for moisture adsorption, and a high enthalpy of adsorption.
5, 6

 The result of these 

factors, which is further highlighted in the solvent study, is that the differential response 

of dried blood on cotton fabric and blank cotton fabric is relatively small.  

As described in Chapter 1, the available adsorption sites on a cellulose monomer are 

hydroxyl groups. Due to the complicated composition of blood, the available adsorption 

sites for dried blood vary considerably.
6, 7

 However, blood contains a large number of 

amide groups, which can act as potential sites for vapor adsorption.
8
 A reduction in the 

overall number of hydroxyl sites available for adsorption on a bloodstained cotton surface 

could increase the differential thermal response of a bloodstain on cotton, provided that 

the number of amide adsorption sites of the dried blood is left unchanged.  

 

Figure 3.1. Trimethylmethoxysilane during the silanization process. 1) 

Water hydrolyzes the methoxyl group of the silane. 2) The silicon atom 

then covalently bonds to the surface hydroxyl’s oxygen.
10
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One method of altering the hydroxyl groups of the cotton material without negatively 

impacting the quality of a dried bloodstain on the fabric is silanization by vapor 

deposition.
9
 A silanization procedure involves introducing a silane with one or more  

hydroxyl or alkoxy groups to hydroxyl bonding sites on a substrate in the presence of a 

hydrolyzing catalyst. The silicon atom of the silane then covalently bonds to the oxygen 

of the substrate’s hydroxyl group. The catalyst for the hydrolyzation step is typically 

acidic, and commonly water is employed in this step.
10, 11

 A diagram of the mechanism 

for trimethymethoxylsilane is shown in Figure 3.1. 

 Silane-fiber bonds act to prevent water molecules from interacting with the cellulose 

substrate, increasing the hydrophobicity of the surface.
9
 In order to perform the 

silanization of a surface by chemical vapor deposition, a silane, many of which are 

liquids, must be vaporized without breakage of the alkyl groups bonded to the silicon. 

Many silanes have low boiling points, making this process as simple as heating the liquid 

silane in humid conditions while in the presence of the substrate surface.     

3.2 MATERIALS AND METHODS 

3.2.1 SAMPLES 

Figure 3.2 shows an aged, 7 cm by 7 cm square sample of acrylic 917 fabric with 

dried bloodstains applied by splattering rat’s blood across the fabric surface, produced in 

September 2009 for developmental laboratory imaging studies. This sample will be 

referred to as the bloodstained acrylic sample throughout this chapter.  

Finished samples used in the solvent study are shown in Figure 3.3.  Samples for this 

study are made using a variation of a procedure found in Cassidy, et al.
12

  Specifically, 
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1”x1” (2.5x2.5 cm) squares of the acrylic 917, cotton 899, nylon 911, and polyester 805 

fabrics are imprinted with a hydrophobic polymer ring made from LocTite vinyl, fabric,  

 

Figure 3.2. An aged, bloodstained acrylic fabric sample, produced in 

September 2009.  

and plastic adhesive (Henkel Co., Rocky Hill, Ct. Item# 1360694). The adhesive was 

applied by coating the surfaces of two 1” O.D./ ½” I.D. (2.5 cm O.D./ 1.3 cm I.D.) steel 

washers, pressing the washers together with the fabric sandwiched between them, and 

clamping the washer-fabric-washer assembly together for 24 hours to cure. After the 24 

hour curing period the samples are unclamped and the washers removed. For the blank 

fabric samples, 100 μL of deionized water was applied to the fabric surface inside of the 

polymer ring by pipette, and allowed to dry for 24 hours. For the neat (whole blood) 

samples, 100 μL of whole rat blood was applied to the fabric surface inside of the 

polymer ring by pipette, and allowed to dry for 24 hours. For the 10X dilute samples, 1 

mL of rat’s blood was diluted to a 10 mL solution using deionized water, and 100 μL of 

the dilution was applied to the fabric samples by pipette, and allowed to dry for 24 hours. 

The rat blood dries partially on the surface of the fabric, and partially is adsorbed into the 
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fabric. Visible within some of the bloodstains shown in Figure 3.3 is a “coffee ring” 

pattern on the sample, implying some heterogeneity in the deposition process.
13, 14

 The 

face of the fabric on which the blood was applied and dried is the face of the fabric 

observed during a measurement.  

 

Figure 3.3. The arrangement of fabric samples used in the solvent study. 

The samples are labeled to their lower right. Each label is composed of 

two indicators. A label of ‘B’ is for a blank, ‘N’ is for a neat (whole blood) 

bloodstain, and ‘10’ is for a stain of 10X diluted blood. Then, they are 

lettered ‘A’ for acrylic, ‘N’ for nylon, ‘P’ for polyester, and ‘C’ for cotton. 

For example, the top right-most sample is labeled ‘10A’, which 

corresponds to an acrylic fabric sample stained with 10X diluted blood.  

The sample for the third study described in this chapter is a 7” x 3” cut of the cotton 

899 fabric. This fabric, which is shown in Figure 3.4, is sectioned into three bloodstained 

areas. The first bloodstained area on this fabric sample is a transfer stain made with 10X 



www.manaraa.com

41 
 

dilute rat’s blood and is faintly visible on the left side of the fabric shown in Figure 3.4. 

The second bloodstained area is another transfer stain made with undiluted (whole) rat’s 

blood and is visible in Figure 3.4 as the stain in the center of the fabric. The third 

bloodstained area is made with whole rat’s blood also, but is a spatter stain. The spatter 

pattern was produced by first covering the 2/3 of the sample area containing the transfer 

prints with aluminum foil, placing the 2/3 covered sample on an adsorbent pad, then 

placing the sample in an enclosed acrylic plastic chamber lined with aluminum foil. 1 mL 

of whole rat’s blood in a 1 mL syringe was sprayed onto the chamber wall forcefully. A  

 

Figure 3.4. The bloodstained cotton sample used in the silanization study. 

Three areas of this fabric are bloodstained as follows: 1) a transfer stain 

made with 10X dilute rat’s blood which is faintly visible on the left side of 

the fabric. 2) A second transfer stain made with undiluted (whole) rat’s 

blood and is visible as the stain in the center of the fabric. 3) A spatter 

pattern made with whole rat’s blood, partly visible on the right side of the 

fabric. The description of how each stain was applied to the fabric surface 

is given in the text. 

second quantity of 1 mL of whole rat’s blood in a 1 mL syringe was again sprayed onto 

the chamber wall forcefully. A photograph of the chamber after the two syringes of blood 

had been sprayed onto the chamber wall is shown in Figure 3.5. The spatter pattern 
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created by this method is visible in the image on the white adsorbent pad lining the 

bottom of the enclosure.       

 

Figure 3.5. A photograph of the chamber used to create the spatter pattern 

on the cotton fabric used in the silanization study. The blood was sprayed 

onto the wall by syringe, and as a result, droplets of blood deposited onto 

the uncovered sample face (sample not shown in this image). 

The transfer prints were made using a custom rubber stamp (Smith Rubber Stamps & 

Seals, Columbia, SC) which was photographed after use in the bottom of the enclosure in 

Figure 3.5. The stamp was designed by adapting artificial fingerprint artwork (Figure 3.6) 

that was purchased from shutterstock.com (Image ID: 180872426). The final stamp is 51 

x 33 mm in size, which is approximately 50% larger than a natural fingerprint; the size 

was chosen as the minimum that allowed the rubber stamp to be commercially fabricated 

with preserved ridge detail. To form the transfer prints on fabrics, the face of the stamp 
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was completely wetted with rat’s blood by pressing the stamp into a dish containing a 

thin layer of fresh rat blood, and then pressed once onto the surface of the cotton 899 

fabric sample. At the time of these experiments the bloodstains had dried and aged in air 

for 14 months. Thermographic measurements of the thermal response of this sample to 

the exposure of water vapor were made twice: once pre-silanization, and once post-

silanization.  

 

Figure 3.6. Left: Artificial fingerprint artwork. This pattern was used to 

create a rubber stamp as described as in the text. Right: The custom rubber 

stamp used to create the transfer prints. 

The visible light images of the transfer prints (Figure 3.4) show that on the right edge 

of the whole blood transfer print, the blood did not maintain the ridge structure after it 

was stamped. The fused ridges were produced while transferring the blood to the fabric 

using the stamp, and are not a defect of the stamp itself, nor an artifact of steam 

thermography. 
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3.2.2 SOLVENTS 

Nine solvents are used in the solvent exposure study, across a range of polarities, 

which are listed in Table 3.1. The relative polarities listed in Table 3.1 are extracted from 

Reference 15, and are values on the normalized ET
Nscale.

15
 This scale is a measure of 

polarity based on spectroscopic absorbance peak shifts of a variety of probe dyes. It is 

given relative to tetramethylsilane (TMS) and water as the two extreme ends of solvent 

polarity. Cyclohexane is very near to the same polarity as TMS, having a relative polarity 

of 0.006, and represents the non-polar extreme in the scale of solvents used in this study. 

Water is used as the polar extreme (having a value of 1 on the scale). The nine solvents 

used are a representative sampling of polarities throughout the scale, meaning each 

sample fabric is exposed to the full range of the ET
N scale without large interpolations 

within the scale. The solvents are exposed to the fabric sample array in the order in which 

they are listed in Table 3.1.        

Table 3.1. Solvents used in the solvent exposure study. The solvents are 

exposed to the fabric sample array in the order in which they are listed. 

Relative polarity values were extracted from Reference 15. 
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3.2.3 SILANIZATION 

The cotton sample used in this study was subject to this procedure 2 days after the 

thermography measurements of the sample under vacuum during exposure to water vapor 

(referred to as the pre-silanization measurements). Trimethylmethoxysilane (TMMS) 

(99% purity, purchased from Sigma Aldrich, CAS no 1825-61-2, S. Louis, MO, USA) 

was used as purchased as the silanization agent in the cotton silanization study. The 

sample was positioned horizontally over an open dish of TMMS, with the bloodstained 

face towards the dish, as the TMMS was heated to a gentle boil (to prevent splashing of 

the TMMS) in an enclosed 65% RH environment. The boiling point of the TMMS is 58 

°C, indicating that the temperature reached during the silanization process is not high 

enough to adversely affect the sample fabric or bloodstain. The sample was exposed to 

the TMMS in this way for 2 hours. The fabric sample was stored in air for one week prior 

to the post-silanization measurements under vacuum.  

3.2.4 VAPOR EXPOSURE IN VACUO  

Fabric samples are exposed to solvent vapors using a vacuum chamber apparatus, a 

diagram of which is shown in Figure 3.7. The apparatus consists of a rotary vane vacuum 

pump (Varian, Palo Alto, CA, model DS-402) connected to a pneumatically-actuated 

valve (Varian, Palo Alto, CA, model L9181613). These components are then connected 

to a manually-actuated 1” aluminum block valve (Varian, Palo Alto, CA, model 

L9180302) and thermocouple sensor vacuum gauge (Dunaway Stockroom, Corp., 

Fremont, CA, model DST-531), which measures the pressure inside the chamber during 

operation. The sample chamber is constructed from 2” walls of laminated acrylic.  

The sample is imaged through a 1” wide, 0.118” (3 mm) thick zinc selenide window 

by a thermal camera described below in the Thermography section of this chapter. The 
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camera was positioned approximately 1 ft. from the sample and 1” from the window. A 

photograph of the chamber, the ZnSe window assembly attached to the chamber, and the 

infrared camera is shown in Figure 3.8.  

 

Figure 3.7. Diagram of the apparatus used to introduce vapor to fabric 

samples in the solvent exposure and cotton silanization studies. Briefly, a 

vapor is introduced to a sample via a sponge loaded with 3 mL of solvent 

placed into the void space of the manual valve. After the sample has 

equilibrated at vacuum conditions, the sample is exposed to the vapor by 

opening the manual valve for the duration of a thermographic recording.  

Vapor exposure using the apparatus depicted in Figure 3.7 is performed as follows. 

After securing the sample inside of the chamber and then sealing the chamber, the 

vacuum pump is engaged to decrease the chamber pressure to 100 mTorr. A sponge 

loaded with 3 mL of deionized water (for the bloodstained acrylic and silanized cotton 

samples) or one of the nine solvents listed in Table 3.1 (for the solvent exposure study) is 

placed into the void space inside of the manually-actuated valve, the valve is re-sealed, 

and opened to vacuum for approximately one second before again re-sealing the valve. 
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This was done to purge atmospheric gases from the valve void space, leaving only water 

or solvent vapor. The chamber is then returned to 100 mTorr. 

 

Figure 3.8. The acrylic-walled vacuum chamber apparatus used in the 

solvent exposure study and the cotton silanization study. A ZnSe window 

is pictured connected to the top of the chamber body, directly below a 

FLIR 315A thermal imaging camera.  

While the pressure in the chamber is being reduced, and for a short while after the 

chamber reaches 100 mTorr the sample is not at thermal equilibrium, likely due to 

desorption of water and gasses trapped in the fabric. After the sample reaches thermal 

equilibrium with the chamber (approximately 30 minutes), the vacuum pump is 

disengaged, and the sample is exposed to vapor by opening the manually-actuated valve 

containing the sponge. After a measurement is completed, the vacuum pump is returned 

to normal operation, and the manually-actuated valve is closed. The pressure in the 

chamber at the end of each measurement is 10 Torr.  
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3.2.4 THERMOGRAPHY 

Thermographic images were recorded with a FLIR Systems A315 microbolometer-

based camera (16 bit digitization, 240 x 320 pixel resolution, 30 Hz frame rate) operating 

in signal linear mode using an interface developed in-house in the LabVIEW 2013 

programming environment (National Instruments, Austin, TX).  Once the sample was 

allowed to equilibrate as described above, an 80 second long recording (2400 image 

frames) of the sample was acquired. For the solvent exposure study, after a recording is 

completed and the operation of the vacuum pump is resumed, another 80 second 

recording is initialized to record the thermal response of the sample fabrics as the solvent 

is removed from the chamber. Therefore, there are two recordings of each sample fabric 

per solvent: one during exposure (adsorption of the solvent) and one during the solvent 

removal from the chamber (desorption of the solvent).  

3.2.6 IMAGE PROCESSING 

Thermographic recordings are processed using MATLAB R2012b (The MathWorks, 

Inc., Natick, MA). For each recording, the mean signal intensity of the first 200 frames of 

the recording per pixel (the average image of the first 200 frames) is subtracted from each 

frame. This removes features from recording that are static in signal intensity with respect 

to time, such as the chamber, the flange of the lens attachment on the chamber, sample 

holder, and also the reflection of the camera body.  

The sample area within each polymer ring of the fabric sample array used in the 

solvent exposure study are each averaged in each recording, such that a single mean 

signal intensity value represents the measurement of single sample in a single frame. The 

mean signal intensity for frames 1000 to 1500 (33 to 50 seconds into the recording) are 

also averaged such that for each of the twelve fabric samples, a single mean signal 
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intensity value represents the measured thermal response of the adsorption/desorption of 

a given solvent on a sample fabric in these conditions for an entire recording. The 

difference in the signal intensity values for a whole blood stain and a blank fabric for 

each fabric are then calculated as a representation of the chemical contrast enhancement 

of a bloodstain on a fabric provided by each solvent for that fabric. The MATLAB code 

used in this processing is provided in Appendix A.  

Recordings of the cotton 899 fabric sample used in the silanization study are 

processed in the same way as the solvent exposure study recordings. The thermal 

responses of the fabric and bloodstain of the whole blood print, and the chemical contrast 

calculations for these areas of the sample in the pre-silanization measurement are 

compared to the thermal responses of the fabric and bloodstain of the whole blood print, 

and the chemical contrast calculations for these areas of the sample in the post-

silanization measurement. The MATLAB code used in this processing is also provided in 

Appendix A. 

3.3 RESULTS AND DISCUSSION 

3.3.1 BLOODSTAINED ACRYLIC FABRIC 

The right panel of Figure 3.9 shows an image (post-processing) from the 

thermographic recording of the bloodstained acrylic 917 sample during the exposure to 

water vapor while in vacuo. This image shows strong chemical contrast between the stain 

and fabric as a direct result of the exposure of water vapor in isothermal conditions.  

Figure 3.10 shows the signal intensity increase of dried blood on acrylic fabric (red) 

and unstained acrylic fabric (purple) after the exposure of the bloodstained acrylic sample 

to water vapor in vacuo. The first ~200 frames were averaged and the average image of 
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those frames was subtracted from the values of every frame in the recording, resulting in 

values close to zero for the frames prior to the exposure of water vapor. 

 

Figure 3.9. Left: a visible light photograph of the bloodstained acrylic 

sample. Right: a post-processed image from a thermographic recording of 

the bloodstained acrylic during the exposure of the sample to water vapor 

while in vacuo. Signal intensity values for this measurement are extracted 

from the bloodstained and unstained fabric areas within the red outline. 

The signal intensity increase of acrylic fabric during this exposure is close to 400 

counts, which corresponds to an approximate apparent temperature increase of 1.7 °C. 

The signal intensity increase of the bloodstained area during this exposure is close to 900 

counts, which corresponds to an approximate apparent temperature increase of 3.9 °C. 

The difference in the two curves shown in Figure 3.10 is shown in Figure 3.11, and 

represents the increase in contrast between the two surfaces.  

The differential signal intensity increase between the bloodstained areas and the 

unstained acrylic fabric reaches a peak of 613.2 counts at 511 frames into the recording, 

which is nine seconds after the exposure of the sample to the water vapor begins to result 
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in a thermal response (nine seconds from the cut-on of the contrast increase to the peak 

contrast). A difference of 613 counts corresponds to an approximate apparent temperature  

 

Figure 3.10. The signal intensity increase of dried blood on acrylic fabric 

(red) and acrylic fabric (purple) after exposure of the bloodstained acrylic 

sample to water vapor in vacuo.  

difference of 2.7 °C. This is greater than the difference between the maximum signal 

intensity increases of each of the bloodstained area of the sample and the unstained area 

of the fabric. This is because the acrylic fabric reaches the peak of its thermal response 

much later than the bloodstained area of the sample. The maximum signal intensity 

increase of the acrylic fabric takes place nearly 30 seconds after the sample initially 

measures a thermal response, while the bloodstained area reaches its peak signal intensity 

about 15 seconds after exposure.  
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Figure 3.11. The differential signal intensity increase of dried blood on 

acrylic fabric and acrylic fabric after exposure of the bloodstained acrylic 

sample to water vapor in vacuo. This differential intensity is a measure of 

the contrast between the two surfaces during exposure to water vapor.  

The chemical contrast enhancement in this measurement cannot be fully or partially a 

result of condensation, as the pressure of water vapor in the chamber only rises to 10 Torr 

over the course of the recording, while saturation conditions require 24 Torr of vapor 

pressure for water vapor to condense at 25 °C. Additionally, this means that no water 

vapor can condense into droplets in transit to the sample. In this measurement, there are 

no nearby sources of heat to radiantly transfer heat to the sample, and the water vapor is 

never warmed, which excludes any warming of the sample through convective means.  

The two remaining proposed mechanisms that may contribute to the chemical 

contrast enhancement observed in this measurement are water vapor adsorption, and a 
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differential change in thermal emissivity. While there may not be a way to measure the 

thermal response of a surface during adsorption and also prevent a change in the surface’s 

emissivity (provided that the emissivity is indeed changing), it is possible to measure the 

surface’s altered thermal emissivity without also measuring the thermal response of 

adsorption on a surface. The thermal response that is observed requires a greater amount 

of adsorption to a surface than desorption (or vice versa), such that the two processes are 

at disequilibrium. However, if the two processes are at equilibrium, the net heat exchange 

is zero, there is no observed thermal response, and the surface is in thermal equilibrium 

with its surroundings (all else equal). This is the typical case during conventional 

thermographic imaging of a surface, and is the case for samples in this chapter prior to 

vapor exposure. The implication of this is that the change in thermal emissivity caused by 

a change in amount of adsorbed moisture can be measured at equilibrium conditions. By 

varying the amounts of moisture adsorbed on a fabric sample and/or bloodstained fabric 

sample, the change in emissivity as a function of adsorbed moisture can be measured, and 

the contribution of the emissivity change to the chemical contrast enhancement can be 

determined. Chapters 4 and 5 discuss this in further detail. 

3.3.2 SOLVENT EXPOSURE STUDY 

Results of the exposure of acrylic, nylon, cotton, and polyester fabrics stained with 

whole blood, 10X dilute blood, and no blood to nine solvents are expressed as the signal 

intensity change relative to the signal intensity of the sample at thermal equilibrium prior 

to exposure. Table 3.2 shows the signal intensity change of the samples during the 

adsorption of each solvent, and Table 3.3 shows the signal intensity change of the 

samples during the desorption of each solvent.  
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Table 3.2. The signal intensity change of each sample during adsorption of 

each vapor. 

 

The thermal response (the signal intensity change) of the samples to the exposure of 

water vapor is much greater (an order of magnitude in many cases) than the thermal 

response of the sample to any other solvent tested. The thermal responses of the whole 

blood samples are greater than the thermal responses of the corresponding blank fabric 

samples in every instance. The thermal responses of most 10X dilute samples are not 

significantly different than the thermal responses of blank fabric samples. This is based 

on an estimation of a ‘significant difference’ as a change in the signal greater than the 

signal required to observe a change greater than the NETD of the camera. The NETD of 

the camera is 0.05 °C, and a change in signal intensity of ~230 intensity units is 

approximately equivalent to observing a change in temperature of 1 degree Celsius. This 

means that the NETD of 0.05 °C is equivalent to a change in signal intensity of 11.5. 

Therefore, any reported signal intensity changes, or differences in signal intensity of less 

than 11.5 will be regarded as not significant.  

The approximate apparent temperature changes of the whole blood samples exposed 

to water vapor range from 5.8 to 8.8 °C. This blank acrylic, polyester, and nylon fabrics 

each show a markedly smaller thermal response during water vapor adsorption. However, 

the thermal response of the blank cotton sample exposed to water vapor is of a similar 
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magnitude to that of the bloodstained cotton samples. While this is much larger of a 

response than the other three blank fabrics demonstrate, it is in good agreement with the 

trend in the equilibrium moisture content of the fabrics at 65% RH.
3
 The coefficient of 

determination for a simple linear regression of the thermal response of each blank fabric 

exposed to water vapor (values from Table 3.2) and the equilibrium moisture content of 

the fabrics at 65% RH (extracted from page 188 of Reference 3) is 0.993. 

Table 3.3. The signal intensity change of each sample during desorption of 

each vapor.  

 
 

The results of the desorption of each solvent from each sample are similar to the 

adsorption results in terms of relative trends between samples and solvents. However, 

most thermal responses in the desorption measurement are larger in magnitude. This may 

not be a result of the difference between the two processes, as the changes in pressure 

when a sample is exposed to a solvent compared to when a solvent is pumped from the 

chamber is not the same. In order to directly compare thermal responses of samples 

during the adsorption and desorption processes, it would be necessary to conduct the 

measurements while undergoing the same rate of change in pressure over time across 

both measurements, except that the rate would be reversed from one process to the next. 

This factor was not controlled in these experiments, and so the comparison between the 
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overall magnitude of thermal responses of the adsorption and desorption measurements 

can only be observational.       

Table 3.4. The difference in the signal intensities of the blood-stained 

fabric samples and the blank fabric sample during the adsorption of each 

solvent.  

 

As a measure of contrast, the differences between the signal intensity change values 

reported in Table 3.2 for adsorption of solvents on the whole blood and blank fabric 

samples and also between the 10X dilute bloodstains and blank fabric samples for each 

fabric type and each solvent are shown in Table 3.4. Additionally, the differences 

between the signal intensity change values reported in Table 3.3 for desorption of 

solvents on the whole blood and blank fabric samples and also between the 10X dilute 

bloodstains and blank fabric samples for each fabric type and each solvent are shown in 

Table 3.5. In both cases, the contrast between 10X dilute bloodstains and their respective 

blank fabrics is less than 11.5 intensity units, indicating that the contrast for these 

samples is not high enough to be considered significant. In the case of the adsorption 

measurements, besides during water vapor adsorption, the 10X dilute bloodstain samples 

showed insignificant contrast in all of the acrylic and nylon measurements, and in all of 
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the polyester measurements except for methanol and acetonitrile (in which the contrast is 

small enough that it is still arguably insignificant). Small degrees of contrast are observed 

for the 10X dilute stain on cotton for water, methanol, toluene, acetonitrile, and ethanol. 

Of those solvents, toluene is surprising as it is very non-polar, yet created a similar 

amount of contrast as methanol, which is very polar. In the case of the desorption 

measurements, the 10X dilute bloodstain samples for polyester, acrylic, and nylon all 

showed insignificant amounts of contrast for every solvent except water and methanol.   

Table 3.5. The difference in the signal intensities of the blood-stained 

fabric samples and the blank fabric sample during the desorption of each 

solvent.  

 

The whole blood stained samples for each fabric showed significant contrast (greater 

than 11.5 intensity units) for every solvent except in the case of cyclohexane adsorption 

on acrylic and toluene desorption on acrylic. A plot of the contrast between whole blood 

stained samples and blank samples for each fabric against the relative polarity of each 

solvent except water is shown in Figure 3.12. The trend of increasing contrast with 

increasing relative polarity is in good agreement except for a relatively high contrast 

observed during the exposure of acetonitrile to the samples. Water is not shown in Figure 
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3.12 due to the scale of the contrast observed with the exposure of water vapor to the 

samples.    

 

Figure 3.12. A plot of the contrast between the whole-blood stained 

sample and blank sample for each fabric during vapor adsorption 

(represented as the signal intensity difference in the two samples) vs the 

relative polarity of each solvent (based on the ET
Nscale). Results of the 

exposure of the samples to water vapor are not included in this plot, but 

are given in Table 3.4.  

Figure 3.12 shows that for a given solvent, there is generally less contrast for whole 

blood stains on polyester and/or cotton than for whole blood stains on other fabrics. This 

is true for all the solvents shown in Figure 3.12 except the two least-polar solvents 

(cyclohexane and toluene), which show little difference in contrast values from fabric to 

fabric. Of the four fabrics, the cotton and polyester have the greatest and smallest specific 

surface areas, respectively, so the trend of contrast magnitude for a given solvent in 

Figure 3.12 does not appear to be based on surface area.
8
 However, the common factor 

between polyester and cotton are the oxygen-based adsorption sites (hydroxyl for cotton, 



www.manaraa.com

59 
 

carbonyl for polyester), whereas the adsorption sites for acrylic and nylon are nitrogen-

based (nitrile for acrylic, and amide for nylon).  

3.3.3 COTTON SILANIZATION STUDY 

Thermographic recordings of the whole blood stained transfer print on the cotton 899 

fabric show contrast in both the silanized and un-silanized samples. However, the 10X 

dilute blood transfer print and the whole blood spatter stains are not visible in the 

recordings, and intensity values for those bloodstains are not reported. The results of the 

solvent study indicate that contrast between the 10X dilute transfer print and the blank 

cotton fabric is not significant. Figure 3.13 shows the whole blood transfer print on the 

silanized cotton 899 sample (left) along with a processed thermographic image of the 

transfer print. 

Spatter stains of whole blood on the cotton fabric are not visible, although the transfer 

print of whole blood is visible. A possible reason why this is the case is that the small 

droplets of blood that contacted the cotton surface while the blood was first applied and 

wet did not dry on top of the fabric surface, but were instead wicked into the fabric 

structure, in effect diluting the blood. The lack of contrast for the spatter stains is 

consistent with regions of the whole blood transfer stains with are not visible in the 

photograph or thermographic images as amounts of blood that were small enough 

amounts to be wicked into the fabric structure. This implies that the stains visible in the 

photograph and thermographic images are areas of the stains in which the amount of 

blood was large enough to wet the cotton material without wicking all of the blood in that  
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Figure 3.13. Left: a visible light photograph of the bloodstained cotton 899 

sample. Silanization produced no visible changes to the sample. Right: a 

post-processed image from a thermographic recording of the silanized 

bloodstained cotton fabric sample during the exposure of the sample to 

water vapor while in vacuo. Signal intensity values for this measurement 

are extracted from the bloodstained and unstained fabric areas within the 

outlined area. 

area, which left some amounts of blood on the fabric surface to dry. These dried surface 

stains appear to be the only stains visible to the eye and achieving significant contrast 

during thermal imaging. It is likely then, that the detection of dried blood on cotton 

fabrics is not dependent on the concentration of the blood before contacting the fabric, 

but on the concentration of the blood left on the surface after it has wetted the fabric. It is 

possible then that there is an amount of blood needed to wet a given fabric area that acts 

as a required threshold volume. Volumes of liquid whole blood greater than the threshold 

volume for a given area of fabric will then become detectable during steam 

thermography. The dried whole blood stains visible in Figure 3.13 appear to meet this 

criterion.   
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Figure 3.14. The signal intensity increase of the whole blood transfer print 

area (red) and blank cotton 899 fabric area (black) for the cotton sample 

before silanization (solid lines) and after silanization (dotted lines). The 

signal intensity curves are shown relative to the ‘cut-on’ of thermal 

response as the zeroth frame, and the average signal intensity of the first 

200 frames of each recording is subtracted from the entire curve to 

establish the origin point of each signal intensity curve as ~0 intensity, 0 

frames.  

The signal intensity increase of the whole blood transfer print area and blank fabric 

area is shown in Figure 3.14 for the cotton sample before silanization (solid lines) and 

after silanization (dotted lines). The signal intensity curves are shown relative to the ‘cut-

on’ of thermal response for each curve as the zeroth frame. The overall intensity of the 

thermal responses of the post-silanization measurements is lower than the overall 

intensity of the thermal responses of the pre-silanization. This is consistent with a lower 

amount of water vapor adsorption due to the silanization.  
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There is a slight divergence between the whole blood transfer print response and 

blank fabric response during both the pre-silanization measurement and post-silanization 

measurement. The difference in the thermal responses of the whole blood transfer print 

and the blank cotton fabric are shown in Figure 3.15 for both the silanized (gray) and un-

silanized measurements (black).  

 

Figure 3.15. The signal intensity difference (contrast) between the whole 

blood transfer print on cotton and the blank cotton fabric, before 

silanization (black) and after (gray). Pre- and Post-silanization 

measurements show similar amounts of overall contrast, however, post-

silanization measurements show an enhanced contrast for more than twice 

the amount of time compared to pre-silanization measurements.  

The magnitude of contrast between the two measurements is almost the same, and 

reaches a maximum very close in time to each other (a 1-2 second difference to peak 

contrast). However, the contrast enhancement of the sample post-silanization is greater 
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than the NETD (as estimated above as a difference in signal intensity of 11.5 counts) for 

760 frames (25.3 seconds), compared to 353 frames (11.8 seconds) for the pre-

silanization measurement. This indicates that the silanization of the bloodstained cotton 

sample had the effect of slowing the adsorption process. Based on the lower overall 

magnitude of the thermal response of the sample to the exposure of water vapor, the 

slowing of the process is in addition to decreasing the overall amount of vapor being 

adsorbed.  

3.4 CONCLUSIONS 

This work is motivated by an interest in a better understanding of the mechanism of 

chemical contrast enhancement in a steam thermography measurement. Thermography 

measurements of samples of dried blood on fabrics in vacuo during an exposure to water 

vapor are presented, along with measurements of the exposure of eight other solvent 

vapors to the fabrics and bloodstained fabric samples. This work provides evidence that 

the chemical contrast observed during a steam thermography measurement is a direct 

result of the adsorption of water vapor. While the results reported in this study do not 

address the effect of a differential change in thermal emissivity possibly enhancing 

chemical contrast, a method of measuring the impact of a differential change in a thermal 

emissivity is proposed.    
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CHAPTER 4: MID-INFRARED EMISSIVITY OF NYLON, COTTON, 

ACRYLIC AND POLYESTER FABRICS AS A FUNCTION OF 

MOISTURE CONTENT
a
 

4.1 INTRODUCTION 

Numerous textile applications of infrared thermography can be found in the literature, 

including measuring energy dissipation during stretching, fabric radiant thermal 

conductivity, spreading of pyrolysis during combustion, and smoldering ignition in 

upholstery fabrics.
1-4

 All of these thermographic measurement methods are dependent on 

the apparent emissivity of the measurement targets.  Emissivities for a number of 

materials are given in literature, and those of some fabrics have been reported by Zhang 

et al. and Brown et al.
5-6

 

This laboratory recently reported steam thermography for imaging stains on fabrics 

through contrast in the apparent fabric temperature immediately on exposure to water 

vapor.
7-8

 In our report we identified possible mechanisms for the apparent temperature 

contrast, one of which was differential infrared emissivity of the fabric on exposure to 

moisture. Moisture uptake is known to affect other textile properties such as swelling, 

heat transport, electrical conductivity, and the perceived comfort of clothing.
9-15

   

                                                     
a
 Reproduced and modified from R. G. Belliveau, S. A. DeJong, N. D. Boltin, et al. Mid-infrared 

emissivity of nylon, cotton, acrylic and polyester fabrics as a function of moisture content. Text. Res. J. 

accepted for publication, 2019. Reproduced with permission from Sage Publishing. 
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Studies of soil provide precedent for a dependence of infrared emissivity on moisture 

content as several reports show that the emissivity of sand and soil increases with 

moisture content.
16-19

 No such study has been reported to date for fabrics, however. 

Furthermore, different fabrics may show markedly different behaviors because they vary 

in ability to adsorb water depending on their chemical composition. Hydrophobic fabrics 

(e.g., polyester), for instance, adsorb no more than a percent of water by mass from air in 

moist conditions.
20

 In comparison, hydrophilic textiles such as cotton may adsorb more 

than 14% water by mass from air in high humidity conditions.
21 

We report the emissivity of cotton, nylon, polyester, and acrylic fabrics used in our 

studies across a range of measured moisture concentrations from nearly zero to 90% 

relative humidity at a nominal temperature of 40 C. We find that nylon and cotton, both 

of which adsorb significant amounts of moisture, show little change in emissivity with 

moisture content. Polyester adsorbs little moisture and also shows little change in 

emissivity. Acrylic fabrics, on the other hand, show ~10% increase in emissivity even 

though its adsorption of water is similar in magnitude to polyester. We also observed that 

the moisture content of all the fabrics as a function of humidity shows hysteresis, 

indicating slow kinetics for the loss of water on drying. The emissivity of acrylic fabric 

shows a direct relationship to its moisture content rather than the ambient humidity.  

4.2 EXPERIMENTAL 

4.2.1 SAMPLE FABRICS 

The purple acrylic, brown polyester, green nylon, and red cotton fabrics used in this 

study have been the subject of several publications by this laboratory, and information 

about the properties of the fabrics and the fibers they are composed of, including the dyes 
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used for each fabric are provided in Table 1.1.
7-8, 22-31

 Each fabric was commercially 

obtained undyed, and subsequently triple-dyed at North Carolina State University’s 

Wilson College of Textiles in 2004. These four fabrics have previously been the subject 

of a number of spectroscopic measurements by this research group, and references to 

these measurements are given for each fabric sample separately in Table 1.1.  

 Because the cotton and nylon fabrics are twills, they have two distinct faces. One of 

the faces has warp threads that are the most prominent, while the other is dominated by 

weft threads. In both cases, however, the two types of threads contribute to the exposed 

surface. The warp-dominant side of the fabric was the face used in these measurements 

for both fabrics.  

Each fabric sample is a 7.5 cm by 7.5 cm square, and two sheets of fabric are layered 

on top of one another in the sample assembly to ensure the fabric was optically dense. 

The dry mass of each fabric is 3.498 g for the acrylic, 2.935 g for the polyester, 3.971 g 

for the nylon, and 3.015 g for the cotton. 

4.2.2 SAMPLE CONDITIONING 

An apparatus built in-house was used to condition the fabrics prior to each 

measurement, shown in Figure 4.1. Air is supplied from the top right in the figure by an 

air compressor (Northern Tool + Equipment, Bursville, MN, model Northstar 

XQ1508VP), which passes through a moisture separator (W. W. Grainger, Lake Forest, 

IL, model Speedaire 4 GNL3) to remove oil and water droplets in the compressed air. 

The compressed air is then split into three streams.  
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In the figure, the rightmost filtered compressor stream is used as a source of 0% 

humidity air, and is passed into a drying column (Drierite Co., Xenia, OH, Drying 

Column model 26800) packed with 3Å molecular sieves (Sigma-Aldrich Corp., St. Louis, 

MO), then into a region heated to 40 °C where it meets a brass and bronze 3-way ball 

valve (Conbraco Industries Inc., Matthews, NC, model Apollo 70-603).  

 

Figure 4.1. Diagram of the apparatus used to condition the samples at a set 

temperature and humidity. Compressed air is produced by the compressor 

(top right), then split into three streams. From left to right these are: a 

stream of room temperature air, a stream of heated air that is saturated 

with moisture, and a stream of heated air that has been dried to ~0% RH. 

These three streams are supplied to the sample chamber in controlled 

ratios to give a fixed humidity for a nominal temperature of 40 °C. The 

dashed-line box in the figure shows areas of the apparatus that are heated. 

More details are found in the text. 

 

The center stream in the figure is used as a source of air saturated with moisture. The 

filtered compressor air stream is passed through a regulator (Fisher Scientific 
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International, Hampton, NH, model F5-50) into the heated (40 °C) region of the system, 

and then aspirated through a porous plastic frit into a sealed, heated tank of water. The air 

passes through the water, out the top of the tank, and then through an impingement-style 

droplet trap. The air is then passed to the same 3-way valve as the dry air.  

Only one stream of these two streams of air coming to the 3-way valve, either dry or 

wet depending on the final humidity requirement, is passed to a flowmeter (King 

Instrument Co., Garden Grove, CA, model 75301112C17). 

The leftmost stream of filtered air from the compressor with an intermediate level of 

moisture passes into the heated region of the system and through an identical flowmeter 

and combines with the air which was conditioned either dry or wet to produce a mixed 

sample with a controlled moisture content. This combined air stream beginning at 40 °C 

is then heated above 40 °C by the inline heater (Tutco-Farnam Custom Products, Arden, 

NC, model HT050) so that after cooling on the way to the sample compartment the 

temperature will be nominally 40 °C in the sample compartment. The moist gas at the 

elevated temperature leaves the inline heater, passes through another 3-way valve 

(identical to the other 3-way valve), and then to the sample chamber. The sample is 

maintained at constant humidity and temperature for 24 hours prior to a recording to give 

time for equilibration under a given condition. The 3-way valve directly before the 

sample chamber is then used to divert the air stream from the sample chamber during the 

80 second measurement. Temperature, relative humidity (RH), and mass are recorded in 

the sample chamber.  
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Figure 4.2 shows the sample chamber, which includes a thin-film capacitance 

humidity sensor (Measurement Specialties Inc., Hampton, VA, model HTS2030SMD) 

that has a 1% relative humidity accuracy across a range of 0% to 100% humidity. 

Temperature inside the chamber is determined by thermal emission from a 

polytetrafluoroethylene (PTFE) reference inside the sample chamber. Instead of trying to 

keep a fixed temperature inside the chamber, the system was operated to maintain a fixed 

 

Figure 4.2. A representation of the balance and sample chamber, not to 

scale. The sample is held in a metal wire frame horizontally and flat. The 

camera views the sample from 25 cm above, through a window of 

polyethylene film. Air flows into the chamber conditioned to the humidity 

and temperature of the measurement, and escapes through small gaps near 

the humidity sensor and between the chamber and balance (shown by 

dashed-arrows). Airflow is maintained at a set temperature and humidity 

for 24 hours, is turned off during a measurement, and turned back on 

immediately after. 
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 signal intensity from the PTFE reference that corresponds to a nominal temperature of 40 

C. This was done to avoid a temperature differential between a thermocouple or other  

temperature measurement device and the samples being studied. 

The chamber also includes an electronic balance (Denver Instrument, Bohemia, NY, 

model APX-100), and the camera (see below). The sample is fixed by a metal holder 

(shown in Figure 4.2) that keeps the fabric taut and horizontal, as well as allowing for  

 

Figure 4.3. The solid black line is the transmission spectrum of the 13.5 

μm thick polyethylene film used as a window. The overlaid dotted black 

line shows the camera response curve. 

airflow under the sample. Air enters from the right of the chamber as seen in Figure 4.2, 

passes through a series of baffles spaced 1 cm apart to distribute the air through the 

chamber, and then exits on the left of the chamber, opposite where it entered. The 

chamber itself is 3D printed polylactic acid (PLA). The interior of the chamber where the 
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sample is housed is 12 x 12 x 4.5 cm. The window was made from an infrared-

transparent polyethylene film (Kroger, Cincinnati, OH, Home Sense Plastic Film); the 

film has high transparency in the 7.5 - 13 μm spectral region detected by the camera as 

shown in the transmission spectrum of a representative sample of the film in Figure 4.3.   

4.2.3 THERMOGRAPHY 

Thermographic images were recorded with a FLIR Systems A315 microbolometer-

based camera (16 bit digitization, 240 x 320 pixel resolution, 30 Hz frame rate) operating 

in signal linear mode using an interface developed in-house in the LabVIEW 2013 

programming environment (National Instruments, Austin, TX).  Once the sample was 

allowed to equilibrate as described above, an 80 second long recording (2400 image 

frames) of the sample was acquired.   

The measurements are taken in series, starting at 0% humidity, and increasing in 

humidity in 10% RH steps every 24 hours. After reaching 90% RH, measurements 

continue by decreasing the humidity in 10% RH steps every 24 hours until 0% humidity 

is reached again. At each humidity point, a set of three measurements are taken as 

follows. The air flow is shut off, the camera records for 80 seconds, and then the air flow 

is returned. After 10 minutes, this is repeated. A third recording is obtained the same 

way, and then the sample chamber conditions are set to the next humidity point to be 

measured by adjusting the ratio of wet and dry air. A full series of measurements for a 

single fabric requires measurements at 19 humidity conditions over the course of 

approximately 3 weeks if there are no breaks or repeats required.  If any significant 

breaks occurred during a set of measurements, for example due to the need to repair or 

replace a compressor, the set of data was discarded and begun again so that the 
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equilibration time between points could be kept constant and the hysteresis would be 

consistent through the measurement series.  The first measurement in each case – the 

initial 0% humidity point – was sustained at the 0% RH condition as long as necessary so 

that the mass of the fabric would plateau. This never took less than 3 days for any of the 

fabrics, with nylon requiring the longest initial equilibration of approximately 7 days.  

 

Figure 4.4. An individual frame from a recording of acrylic fabric. The 

airflow to the sample is cut off during this recording, but prior to the 

recording, it flows from right to left. The RH sensor is located in the top 

left of the image, and is positioned just over the sample. The white strip 

across the middle of the fabric is a 1.67 mm thick PTFE strip, which is 

used as a reference material. The black boxes show the areas of the image 

used: the middle box encompasses an area of the PTFE strip only, while 

the top and bottom box encompass areas of the fabric only. These areas of 

the image are used because they show the smallest temperature gradient of 

all the areas of the fabric.     

Figure 4.4 shows a frame from a recording of the acrylic fabric at 0% humidity and 

nominally 40 °C. The sample is kept flat and raised to allow airflow underneath it. A 1-

cm-wide, 1.67 mm thick glossy strip of PTFE rests on the fabric to serve as an emissivity 

reference in each image. PTFE adsorbs very little moisture from air and is resistant to 

degradation under the measurement conditions.
32
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Recordings were processed with MATLAB R2012b (The MathWorks, Inc., Natick, 

MA). The values for the fabric sample signal intensity and the PTFE reference signal 

intensity are calculated from the recording by first averaging the video frames together in 

time to form a single average image. Regions of interest for the two materials as outlined 

in Figure 4.4 are then averaged to give a single average signal intensity value for each 

material. 

4.2.4 DATA ANALYSIS 

The radiation measured by the camera from a fabric or PTFE sample located inside 

the sample chamber is modeled as coming from four distinct sources, shown in Figure 

1.1.  Based on Equation 1.9 in Chapter 1, which describes the radiation measured by the 

camera, the derivation of the thermal emissivity of a sample surface is as follows. 

Three measurements are required to determine the emissivity of the reference PTFE 

for comparison to literature. These are ITref,w
ref , ITref,w

BB , and ITa,w
a . These are the measured 

total signal intensities for the imaged reference at an elevated temperature, an imaged 

blackbody aperture at the same elevated temperature, and a surface in equilibrium with 

the ambient room temperature, respectively. These three signals are described by: 

ITref,w
ref =

εrefτw

1 − rwrref
 ∫ LTref,λ

BB Rλ

λ∞

λ0

dλ + [1 −
εrefτw

1 − rwrref
] ∫ LTa,λ

BB Rλ

λ∞

λ0

dλ + C (4.1) 

ITref,w
BB = τw  ∫ LTref,λ

BB Rλ

λ∞

λ0

dλ + [1 − τw] ∫ LTa,λ
BB Rλ

λ∞

λ0

dλ + C (4.2) 
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ITa,w
a  = ∫ LTa,λ

BB Rλ

λ∞

λ0

dλ + C

( = ITa

BB=ITa

ref=ITa

fab= ITa,w

BB =ITa,w

ref =ITa,w

fab )

 (4.3) 

In these equations the subscript ref indicates a property of the reference PTFE 

material (e.g., its emissivity, reflectivity or temperature) while the superscript ref refers 

to a measured quantity from observation of the reference. Equation 4.3’s second line 

indicates that a blackbody, the reference material, and the fabric material all give the 

same measured intensity whether they have a window in front of them or not, as long as 

they (and the window, if included) are in thermal equilibrium with the ambient room 

environment and protected from any sources of disequilibrium.
33

 

Taking the difference of Equations 4.1 and 4.3 and dividing by the difference in 

Equations 4.2 and 4.3, yields on simplification: 

ITref,w
ref − ITa,w

a

ITref,w
BB − ITa,w

a  =  
εref

1 − rwrref
 ≡ M (4.4) 

where εref is the graybody approximation of the PTFE reference surface emissivity, and 

rref is the graybody approximation of the PTFE reference surface reflectivity. εref and 

rref are related by εref + rref = 1 since the sample is opaque. The PTFE reference 

emissivity is then given by: 

εref =
𝐌 − rw𝐌

1 − rw𝐌
 (4.5) 

Determining the value of M requires that we measure the reference material and a 

blackbody at an elevated temperature in thermal equilibrium with one another. The 
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simplest way to accomplish this task is to image a block of the reference material with a 

hole drilled into it to serve as an effective blackbody radiator.
34-36

 The ambient 

measurement can be made of the reference material before heating. The value of M is 

determined from our experiments to be 0.903. The calculated value of the weighted 

window reflectance, rw, is (vide infra) 0.083. These two values allow the emissivity of 

the reference to be calculated as εref = 0.895. 

Three measurements are also required to determine the emissivity of a fabric sample:  

ITfab,w
fab , ITfab,w

ref , and ITa,w
a   These are the measured total signal intensities for the imaged 

fabric sample at an elevated temperature, the imaged reference material at the same 

elevated temperature as the fabric sample, and a surface in equilibrium with the ambient 

room temperature, respectively.  The third of these signals is described in Equation 4.3 

above. The first two are described by: 

ITfab,w
fab =

εfabτw

1 − rwrfab
 ∫ LTfab,λ

BB Rλ

λ∞

λ0

dλ + [1 −
εfabτw

1 − rwrfab
] ∫ LTa,λ

BB Rλ

λ∞

λ0

dλ + C (4.6) 

ITfab,w
ref =

εrefτw

1 − rwrref
 ∫ LTfab,λ

BB Rλ

λ∞

λ0

dλ + [1 −
εrefτw

1 − rwrref
] ∫ LTa,λ

BB Rλ

λ∞

λ0

dλ + C (4.7) 

Taking the difference of Equations 4.6 and 4.3 and dividing by the difference 

between Equations 4.7 and 4.3 gives: 

ITfab,w
fab  −  ITa,w

a

ITfab,w
ref  −  ITa,w

a
=  

εfab(1 − rwrref)

εref(1 − rwrfab)
 ≡ N (4.8) 
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Determining the value of N requires that we measure the fabric and reference 

materials at an elevated temperature in thermal equilibrium with one another.  This was 

done in our sample compartment by placing a strip of the thin reference material over the 

fabric and averaging fabric measurements from each side of the reference material. The 

ambient measurement can again be done before the fabric/reference are heated. The 

emissivity of the reference material is given by Equation 4.5 above. Again recognizing 

the relationship between emissivity and reflectivity for opaque materials, the fabric 

sample emissivity can be written as: 

εfab =
𝐍𝐌 − rw𝐍𝐌

1 − rw𝐍𝐌
 (4.9) 

Equation 4.9 is used in this manuscript to generate fabric emissivity values at 

differing humidity values, assuming the emissivity of the reference PTFE is independent 

of humidity.   

It is notable that provided the reference and blackbody are at the same temperature, 

and that the fabric and reference are at the same temperature, neither temperatures Tref or 

Tfab nor the transmission of the window (τw), appear in Equation 4.9, provided that all 

measurements are taken with the window in place.  If the temperatures are insufficiently 

different from ambient, or if the window transmission is low, both N and M approach 

indeterminate values and become susceptible to large errors for that reason. 

Fundamentally, this is because we assume the window is at ambient temperature. If either 

the sample is at ambient temperature, or the window is opaque so that the sample cannot 

be viewed, then the scene viewed by the camera will always appear to be at ambient 

temperature.    
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4.3 RESULTS AND DISCUSSION 

4.3.1 ADSORPTION ISOTHERMS 

Adsorption isotherms of the four fabric samples at a nominal temperature of 40 °C 

are shown in Figure 4.5, where the moisture content of the fabric in weight percent is 

plotted against the relative humidity. Fabrics are defined as “dry” in these experiments 

using an operational definition of having reached a plateau of mass with respect to further 

drying over the course of 24 hours. “Dry” does not mean there is no moisture in the 

fabrics; the first monolayer of water on all the surfaces of the fabrics is a small mass 

percentage and is very difficult to eliminate without baking in vacuo at an elevated 

temperature, which would induce undesirable side reactions and processes in the fabrics 

such as permanent loss of oils and waxes or decomposition as well.
37

 

From the dry state as defined above, acrylic and polyester show a low capacity for 

adsorption, 2 weight percent or less, up to 90% RH. Nylon and cotton both adsorb much 

more water under these conditions. This is in good agreement with literature reports of 

moisture isotherms for these fabrics.
20-21, 37-40

 Additionally, we observe that the 

relationship between the fabrics’ capacity for moisture at a high humidity (e.g., 70% RH) 

is approximately linear with respect to the specific surface area of these four fabrics, 

consistent with reports in the literature relating specific surface area and moisture 

sorption capacity.
22, 41-43

 Polyester deviates most from this linear relationship, possibly 

indicating an error in the BET isotherm measurement of the specific surface area (0.057 

m
2
/g) reported earlier for this fabric.

22
 In support of this conclusion, polyester had the 

highest reported error among the four fabrics in Reference 22, and a geometric area 

calculation based on an SEM-estimated fiber diameter, assuming a cylindrical fiber 



www.manaraa.com

80 
 

shape, gave an estimated specific surface area near 0.14 m
2
/g for this fabric. This 

geometrically-estimated specific surface area is still the smallest of the four fabrics, but is 

consistent with the moisture measurement of the other three using their BET-determined 

areas. 

 

Figure 4.5. Adsorption isotherm plots of (A) acrylic, (B) polyester, (C) 

nylon, and (D) cotton. Triangles (🔺) indicate measurements taken in a 

series of increasing humidity steps, while inverted triangles (▽) indicate 

measurements taken in a series of decreasing humidity steps. The scale bar 

represents an increase of 1% moisture content by mass. (C) includes a 

right-pointing arrow indicating the data points taken in order of increasing 

humidity, and a left-pointing arrow indicating data taken in order of 

decreasing humidity.  

Fabrics and the fiber materials they are composed of are the subject of a large number 

of moisture sorption studies because the propensity of a fabric to adsorb moisture can 

affect the microbial safety of the material, the physiochemical properties of the fabric, 

and therefore the industrial applications it may be suitable for.
 20-21, 37-40, 44-50

 In such 
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studies, moisture isotherms of fabrics generally follow the sigmoidal shape of the IUPAC 

type-II isotherm, although more hydrophobic materials may show a more linear 

appearance.
20

 The theoretical sigmoidal shape is defined on the low moisture end by a 

region of rapid uptake of moisture on strongly-adsorbing active sites (such as the 

hydroxyl and nitrile groups of the cellulose and nylon monomers respectively) that ends 

with full monolayer formation. At intermediate humidities, approximately linear moisture 

uptake with increasing humidity results as multilayers of water are formed on top of the 

initial monolayer. Then at the highest humidities, a final rapid increase in moisture 

content occurs as capillary condensation, i.e., water condensing in pores and between 

fibers in the weave, takes place. Capillary condensation occurs in both natural and 

synthetic fabrics, and is related to the fabric physical properties rather than chemical 

properties of the fiber material.
51

 This last stage of adsorption is the point at which a 

fabric would begin to appear “wet” in a macroscopic sense.   

Assuming the first monolayer of water is never completely removed from the fabric 

fibers during our measurements, the low-humidity region of monolayer formation in the 

isotherm described above is likely absent from our measurements. In Figure 4.5, only 

cotton shows a region of rapid uptake at low humidity, suggesting that only in this fabric 

have at least some of the stronger adsorption sites been exposed by drying, possibly 

because this is the only natural fiber-based fabric in the set and contains the greatest 

number and heterogeneity of adsorption sites. The other isotherms observed in Figure 

4.5, and the cotton isotherm above 10% RH, are ~linear with increasing humidity 

consistent with the development of additional layers of water over the initial monolayer. 

The isotherms in Figure 4.5 intentionally end as capillary condensation begins to 
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dominate. Capillary condensation was observed to coincide with extensive condensation 

on all surfaces of the apparatus, so we avoided exploring the most extreme humidity 

conditions to prevent it. For the synthetic fabrics the curves all end at 90% RH, while for 

cotton the curve ends at 80% RH.   

Each of the fabrics exhibits some degree of hysteresis in its water adsorption isotherm 

shown in Figure 4.5. In terms of absolute moisture content, the acrylic shows the least 

(approaching zero) and cotton shows the most (around 1% moisture content). Fabrics 

made from natural fibers typically exhibit hysteresis, while hydrophobic synthetic fabrics 

typically show little.
20-21, 44-48

 For example, while acrylic and polyester are reported to 

exhibit very little hysteresis, hysteresis in cotton has been described by Hill et. al.
21, 37

 

Nylon is a hydrophilic synthetic fiber for which Forward and Smith have reported 

hysteresis in the moisture isotherm.
48

 Hysteresis indicates a kinetic limitation for 

moisture exchange, which can be minimized by allowing fabrics to equilibrate longer.
45

 

The hysteresis in the fabric isotherms shown in Figure 4.5 likely results from 24 hours at 

each humidity point being insufficient to reach full equilibrium.  

Hysteresis in the moisture uptake isotherm, and the uptake of moisture by fabrics 

under low humidity conditions, is also related to the degree of hydrophilicity of the 

fabric.
20

 Literature studies of the surfaces of the fabric fibers report the water contact 

angle and surface free energy (SFE) of the fiber materials.
52-55

 These measurements show 

that water contact angles increase in the order of cotton < nylon < acrylic < polyester. 

Lower contact angles indicate a more thermodynamically favorable interaction between 

water and the fiber material. This indicates that the order of hydrophilicity among the 

materials follows the trend in the contact angles. Additionally, the SFE of the materials 
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increases in order of acrylic<polyester~nylon<cotton.
52-55

 Higher SFE indicates a greater 

degree of work needed to re-create a dry fiber surface. Acrylic, having the smallest 

energetic barrier to re-creating the dry fiber surface, exhibits no hysteresis. On the other 

hand, cotton, having the highest SFE of the materials, shows the greatest degree of 

hysteresis due to the relatively large energetic barrier to removing the adsorbed water 

from its surface and recreating the dry, high energy state. We observe that the overall 

magnitude of water adsorption in the fabric isotherms in Figure 4.5 follows the same 

trend in hydrophilicity observed in water contact angles, and that the degree of hysteresis 

in the fabric isotherms follows the trend in fiber SFE.   

The data for each adsorption and desorption isotherm were fit by the Guggenheim, 

Anderson, de Boer (GAB) sorption model, which is given in Equation 4.10.
56-58

  

M =  
MoCKaw

(1 − Kaw)(1 − Kaw + CKaw)
 (4.10) 

Where M is the moisture content at a water activity aw (
𝑅𝐻

100
), Mo is the monolayer 

moisture content (in weight percent), C is the Guggenhiem constant for the material, and 

K is a multilayer formation factor. Modeling is performed by fitting a custom-input 

equation of the GAB model to the plot of moisture content versus water activity using 

IGOR Pro 6.04 (Wavemetrics, Inc., Lake Oswego, OR) such that the coefficients Mo, C, 

and K are modeled directly instead of linearizing the model as is commonly found in 

literature. Several reports in literature have found improved goodness-of-fit 

measurements using a direct fitting of the coefficients.
59-62 

The model coefficients, along 
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with standard deviations of the coefficients, the coefficient of determination (R
2
), and 

root-mean-square-error (RMSE) are given in Table 4.1. 

Table 4.1. GAB model parameters (Mo, C, and K) for adsorption and 

desorption moisture isotherms of each fabric. Reported uncertainties are 

one standard deviation. The coefficient of determination (R
2
) and root-

mean-square-error (RMSE) for each fit are provided. 

 

4.3.2 FABRIC EMISSIVITY 

While hysteresis is seen in the fabric isotherms, all four fabrics showed virtually no 

difference between measurements of the emissivity during the adsorption cycle versus the 

desorption cycle, as long as the emissivity was reported as a function of moisture weight 

percent. Additionally, the overall effect of humidity on the measured emissivity was 

small or negligible for each fabric except acrylic.  

Emissivities for cotton, nylon, and polyester are high and occur in a narrow range of 

~0.02 emissivity units regardless of moisture content, while the emissivity for acrylic 

increases monotonically with moisture weight percentage from 0.81 to 0.88.  
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Figure 4.6. Emissivity vs % moisture content plots of (A) acrylic, (B) 

polyester, (C) nylon, and (D) cotton, set to a common scale. Triangles (🔺) 

indicate measurements taken in a series of increasing humidity steps, 

while inverted triangles (▽) indicate measurements taken in a series of 

decreasing humidity steps. Of the four fabrics, acrylic shows a strong 

change in emissivity with moisture content, while cotton shows a weaker 

trend at high moisture content. At high moisture content, all four fabrics 

show similar emissivities. 

Chen et al. offers the capillary condensation explanation for the emissivity increase in 

soils at high moisture content: that the pore space between soil particles becomes filled 

with water.
16

 When capillary condensation occurs, light scattering at particle interfaces 

will decrease; this increases the attenuation of light in scattering media, regardless of 

whether the condensing fluid absorbs light or not.
63

 The same phenomenon can occur in 

the inter-fiber space of fabrics. However, since we have chosen conditions to minimize 

capillary condensation, the emissivity behavior in Figure 4.6 is explained differently. 

Water exhibits relatively strong and broad absorption of infrared light. The lack of an 
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observed emissivity-moisture content relationship in nylon and polyester, along with the 

weaker trend in cotton can be explained by closer examination of the infrared absorption 

properties of these fabrics. These three fabrics absorb most incident 8 – 12 micrometer 

light even in the absence of adsorbed water, and therefore they have relatively high 

emissivities even when dry.
22

 Until capillary condensation occurs, the change in the 

absorption of light in the thermal infrared wavelength range due to the adsorbed water in 

the fabric is therefore relatively small. Acrylic shows the lowest average absorption of 

light among the four fabrics, and thus its thermal emissivity is relatively low compared to 

the other fabrics when dry. However, as more water adsorbs on the acrylic fibers, the 

measured emissivity increases to the same levels observed in the other fabrics at high 

moisture levels.  

4.3.3 POLYETHYLENE “CLING WRAP” AS A THERMOGRAPHIC INFRARED WINDOW 

In the work presented here, we used an unusual infrared window material made from 

a commercial polyethylene kitchen wrap. Equation 1.9 allows us to determine the optical 

properties (transmissivity, reflectivity, and emissivity) of this thin polymer film in the 

thermal infrared window.  While the final equations do not require a knowledge of the 

emissivity or transmittivity of the window thanks to an assumption that the window is at 

room temperature, window emissivity would appear if the window were at elevated 

temperature. Further, emissivity is numerically equal to absorptivity, so a good 

measurement of window emissivity is relevant to the quality of a window material for 

infrared studies.   

We are interested in both the weighted transmittivity of the window and the weighted 

window emissivity. Figure 4.3 shows a measured transmission spectrum of the window 
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with interference effects superimposed on absorption features, together with the 

measured camera response function. In principal, emissivity can be estimated from these 

data, but with errors consistent with the uncertainty of a transmission measurement. 

Better estimates of both the weighted window transmittivity and the weighted window 

emissivity come from thermographic measurements than from attempting to numerically 

weight the transmission measurements directly.  

Three measurements are required to determine the weighted window transmittivity. 

Two of these are measurements of a blackbody source at an elevated temperature with 

and without the window present:  ITs,w
BB  and ITs

BB, respectively. The third is again the 

ambient temperature measurement of an equilibrated surface.  Under the same 

assumptions used previously, the transmittivity of the window is given by:   

τw =  
ITBB,w

BB − ITa,w
a

ITBB

BB − ITa

a  (4.11) 

where ITBB

BB  is the signal intensity of a perfect blackbody at temperature TBB viewed by the 

camera without the window. τw is calculated to be 0.905 using this method.  

The window reflectivity, rw, is a function of wavelength due to interference effects. 

Assuming the material is effectively a transparent thin dielectric film in air, Equation 

4.12 gives the reflectivity as a function of wavelength and film thickness at near-normal 

incidence.   
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rw =
cos (

2πnd
λ

)
2

− 1

cos (
2πnd

λ
)

2

−
(n2 + 1)2

(n2 − 1)2

 (4.12) 

where n is the refractive index of the window material, and d is the thickness of the 

window. Using this equation to fit the window thickness based on the wavelengths of 

maxima and minima in the transmittivity shown in Figure 4.3, and using a refractive 

index of polyethylene film at 10µm wavelength of n~1.53, gives a film thickness (d) of 

13.5µm.
64

 The weighted reflectivity, rw, as a function of wavelength can then be 

calculated from the camera response as 0.083. The relative error in this reflectivity is 

probably no better than the relative error in a direct numerical calculation of τw, but since 

the value of rw is an order of magnitude smaller than τw, the absolute error is thought to 

be similarly small. Then, since reflectivity, transmittivity and absorptivity of a window 

add to unity, the absorptivity of the window – and therefore its emissivity – is found to be 

0.012. With an emissivity value this low, the effect of an error in our earlier assumption 

that the window is at room temperature is minimized. Although we have not yet 

attempted to do so, it is possible that the window absorptivity could be further reduced by 

stretching the film to reduce its thickness. 

4.4 CONCLUSIONS 

Our interest in better understanding the mechanisms of steam thermography 

motivates this work. Moisture adsorption isotherms for acrylic, cotton, polyester, and 

nylon fabrics are presented, along with measurement results for the effect of fabric 

moisture content on apparent thermal emissivity. This work provides evidence that of the 

fabrics in this study, moisture content has a significant impact on the apparent emissivity 
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of acrylic, but not for nylon, cotton, or polyester.  An estimate of the contribution of 

emissivity on steam thermography observations requires knowledge of both the 

emissivity of the fabrics as shown here as well as the emissivity of blood-coated fabrics.  

A separate report on the apparent emissivity of blood on these four fabrics is presented in 

Chapter 5. 
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CHAPTER 5: A STUDY OF THE MID-INFRARED EMISSIVITY OF 

DRIED BLOOD ON FABRICS
b
  

5.1 INTRODUCTION 

Blood contains ~20% blood solids consisting mostly of proteins including 

hemoglobin, along with salts and lipids.
1, 2

 When whole blood is deposited on a substrate, 

these blood solids remain in place after drying. The detection of dried blood on 

commonplace substrates such as fabrics is the subject of numerous reports in forensic 

science with the goal of increasing the ability of law enforcement to obtain evidence for 

criminal investigations.
3-8

 For this purpose, the most common methods in use for the 

detection of dried blood deposited on a variety of substrates include luminol 

chemiluminescence, fluorescein fluorescence, colorimetric tests using 

tetramethylbenzidine (TMB, brand name Hemastix), phenolphthalein (Kastle-Meyer), 

and leucomalachite green, and alternative light sources (ALS).
4, 9-11

    

This laboratory has reported an alternate thermographic method for detecting blood 

called steam thermography.
12, 13

 Most of our prior work has focused on fabric samples as 

substrates. In steam thermography of a blood-stained fabric, the sample is exposed to 

warm, moist air while being observed with a thermographic infrared camera.  In some 

cases, trace levels of dried blood can be detected as bright (warm) stains on a darker 

                                                     
b
 Reproduced and modified from R. G. Belliveau, S. A. DeJong, N. D. Boltin, et al. A study of the 

mid-infrared emissivity of dried blood on fabrics. Submitted to Forensic Chem. 2019. Reproduced with 

permission from Elsevier. 
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(cooler) fabric background.  Effort has been directed in our laboratory to understand and 

deconvolute the factors that lead to visualizing dried blood stains on fabrics via this new 

method. 

One of the factors that may play a role in steam thermography is differential changes 

in thermal emissivity between blood and the underlying fabric due to water adsorption.  

Chapter 4 examines the effect of moisture on the emissivity of clean fabrics. The thermal 

emissivity of acrylic fabrics was shown to be moderately dependent on moisture content, 

while a smaller emissivity dependence of cotton, nylon, and polyester fabrics on moisture 

content was also reported.
14

 This chapter describes work to examine the emissivity of 

dried blood on the same fabrics, and to study the emissivity changes of blood on acrylic 

as a function of humidity.  

5.2 MATERIALS AND METHODS 

5.2.1 STUDIES 

Two types are studies are reported.  In one, small fabric samples with polymer rings 

(referred to in this chapter as the Ring samples) are used to determine the emissivity of 

dried blood on the fabrics at a fixed humidity point (0% relative humidity). The samples 

are described in the work reported in Chapter 3, where they are the subject of a study 

detailing the thermal response of each sample to the exposure of nine solvents.  In the 

second study in this chapter, an aged sample of dried blood on acrylic (referred to in this 

chapter as the Aged sample) is studied over a range of humidities in an effort to 

determine how the emissivity of blood on acrylic fabric depends on the ambient humidity 

level. This latter study was motivated by the fact that of the fabrics under study, acrylic 

forms the strongest contrast with blood. 
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5.2.2 SAMPLE FABRICS 

A purple acrylic (fabric 917), brown polyester (fabric 905), green nylon (fabric 911) 

and red cotton (fabric 899) fabrics used in this study were described in detail in Table 1.1 

of Chapter 1. Each fabric was commercially obtained unfinished, and then triple-dyed to 

their respective colors at the North Carolina State University Wilson College of Textiles 

in 2004. The cotton and nylon are 2/1 twills, while the acrylic and polyester are both 

plain weaves.  

Examples of finished Ring samples used in the fixed humidity study are shown in 

Figure 5.1.  Samples for this study are made using a variation of a procedure found in 

Cassidy et al.
15

  Specifically, 1”x1” (2.5x2.5 cm) squares of the acrylic 917, cotton 899, 

polyester 905, and nylon 911 fabrics are imprinted with a hydrophobic polymer ring 

made from LocTite vinyl, fabric, and plastic adhesive (Henkel Co., Rocky Hill, Ct. Item# 

1360694). The adhesive was applied by coating the surfaces of two 1” O.D./ ½” I.D. (2.5 

cm O.D./ 1.3 cm I.D.) steel washers, pressing the washers together with the fabric 

sandwiched between them, and clamping the washer-fabric-washer assembly together for 

24 hours to cure. After the 24 hour curing period the samples are unclamped and the 

washers removed. 100 μL of whole rat blood was applied to the fabric surface inside of 

the polymer ring by pipette, and allowed to dry for 24 hours again. The rat blood dries 

partially on the surface of the fabric, and partially is adsorbed into the fabric. In some of 

the photographs in Figure 5.1 a “coffee ring” pattern is produced on the sample, implying 

some heterogeneity in the deposition process.
16, 17

 The face of the fabric on which the 

blood was applied and dried is the face of the fabric observed during a measurement.     
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Figure 3.2 shows the Aged sample, a small square of the same acrylic 917 fabric with 

whole rat blood spatter patterns produced in September 2009 for developmental  

 

Figure 5.1. The four Ring samples, where 100 µL of blood is deposited on 

each acrylic (top left), polyester (top right), nylon (bottom left), and cotton 

(bottom right). The blood is contained within a 0.9 cm
2
 area inside of the 

polymer ring.  

laboratory imaging studies. This sample was used in the study of humidity effects on the 

emissivity of blood on fabric. Measurements were made in the spring of 2015.  

5.2.3 SAMPLE CONDITIONING 

Samples for both studies were conditioned using an apparatus developed in-house 

which was described in detail in Belliveau et al.
14

 In brief, compressed air is heated and 

moisture is added or removed from the compressed air to achieve a constant temperature 

(nominally 40 °C) and humidity (an experimental variable ranging from 0 - 90% relative 

humidity, RH) in the sample chamber.  

The sample chamber is 3D printed polylactic acid (PLA), with interior dimensions of 

12 x 12 x 4.5 cm. Samples are imaged by a thermographic camera (described below) 
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through a window made from infrared-transparent polyethylene film (Kroger, Cincinnati, 

OH, Home Sense Plastic Film).  The optical characteristics of the IR window material are 

described in Chapter 4.  

Inside the sample chamber, humidity is measured by a thin-film capacitance humidity 

sensor (Measurement Specialties Inc., Hampton, VA, model HTS2030SMD). The signal 

intensity of a polytetrafluoroethylene (PTFE) reference inside the chamber is kept 

constant such that the PTFE is at a nominal temperature of 40 °C.  

5.2.4 THERMOGRAPHY 

Thermographic videos were recorded with a FLIR Systems A315 microbolometer-

based camera using an interface developed in-house in the LabVIEW 2013 programming 

environment (National Instruments, Austin, TX). Recordings for the Ring samples coated 

with 100 uL of blood are taken after each of these samples has conditioned at 40 °C and 

0% RH for 24 hours. Recordings for the Aged sample are taken in series starting at 0% 

RH and increasing in humidity by 10% to 90% RH. The fabric is equilibrated for 2 hours 

at each humidity before a measurement is taken. For all samples, immediately prior to the 

start of a recording, the airflow to the chamber is cut off, the recording is taken, and then 

the airflow is returned to the chamber. After 10 minutes, this is repeated, and then a third 

measurement is taken in the same way after a further 10 minutes for a total of three 

recordings. For the Aged sample, after the third recording, the sample chamber 

conditions are set to the next humidity measurement point.  

Each recording is 80 seconds long, recorded at 240 x 230 pixel resolution and a 30 Hz 

frame rate. This results in a 2400 frame long recording, each of which represents an array 

of individual measurements of the total signal intensity of the imaged surface. Processing 



www.manaraa.com

103 
 

for each recording is done in MATLAB R2012b (The MathWorks, Inc., Natick, MA). 

The signal intensity of each pixel included in an area of interest (e.g. the area of blood on 

a fabric, or an area of uncoated fabric) is averaged, and used to calculate an emissivity 

value for each frame.  

5.3 CALCULATIONS 

5.3.1 EMISSIVITY CALCULATION 

A detailed description of how emissivity is determined experimentally is provided in 

Chapter 4. In short, beginning with a surface with known emissivity as a reference, three 

measurements are needed to determine the emissivity of an unknown surface. These 

measurements are of the total signal intensity for the sample surface (Isample) at an 

elevated temperature (nominally 40 °C in these measurements), a measurement of the 

total signal intensity for the reference surface (Iref) at the same elevated temperature, and 

a measurement of either surface in equilibrium with the ambient room temperature (Iamb). 

The calculation of emissivity based on these three measurements and including correction 

for the usage of an infrared window with a known reflectivity is performed using 

Equations 4.4, 4.8, and 4.9. The emissivity values which are calculated for a given area of 

interest for each frame in a recording are averaged to give an average emissivity for each 

recording.  

The emissivity of each fabric at 0% RH reported in Chapter 4 (shown in Table 5.1) 

was used as a reference for calculating the emissivity of blood on that fabric. The 

reported uncertainties in Table 5.1 for the fabric and blood-stained fabric emissivities are 

the 95% confidence interval, calculated based on the calculated emissivity of three 

recordings for each fabric sample. The uncertainties for the reported emissivity 
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differences are calculated by first taking the difference in fabric and blood-stained area 

emissivities for each recording, then calculating the 95% confidence interval calculated 

based on the calculated emissivity differences of three recordings for each fabric sample. 

5.3.2 ACRYLIC EMISSIVITY-HUMIDITY MODEL 

The variable humidity study was performed on acrylic fabric because it forms the 

strongest contrast with blood.  However, the emissivity of acrylic also shows moderate 

sensitivity to humidity that needed to be modeled before it could be used as a reference 

material.  

Reference emissivity values for the acrylic 899 fabric used in this chapter are based 

on the adsorption isotherm measurements reported in Chapter 4. Modeling is performed 

by fitting a second-order polynomial (curve in Figure 5.2) to the plot of emissivity versus 

relative humidity (circles in Figure 5.2) using IGOR Pro 6.04 (Wavemetrics, Inc., Lake 

Oswego, OR).  The emissivity values at 60% and 70% RH fall furthest outside of the 

model. In the 60-70% humidity range, capillary condensation begins to occur in the space 

between fibers.
18, 19

 This causes both decreased scattering and increased absorption, both 

of which decrease the reflectance of the sample and thus increase the apparent emissivity 

of the surface.
20-22

 The polynomial model used in this study does not capture this physical 

change in the sample, but results in absolute errors less than 0.01 emissivity for 

humidities in the 60-70% RH range. The fit equation and the fit coefficients are provided 

on Figure 5.2.  
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Figure 5.2. Fit of a second-order polynomial function to the acrylic 

emissivity vs relative humidity data, used to model the emissivity of the 

acrylic fabric areas on the BS fabric sample. The mean relative deviation 

modulus (P, Equation 5.1) was calculated to be 0.3562. The root-mean-

square-error (RMSE, Equation 5.2) was calculated to be 0.0043. 

The mean relative deviation modulus (P), a measure of the average relative deviation, 

is described by Equation 5.1 and provided as a measure of goodness-of-fit for this model, 

was calculated to be 0.3562. Values under 10 are considered to indicate an acceptable 

fit.
23

  

P =
100

n
∑ (

|εi
exp

− εi
pred|

εi
exp )

n

i=1

 (5.1) 

Where n is the number of measurements, and εi
exp

 and εi
pred

 are the experimentally 

measured and predicted emissivity values. εi
pred

 is calculated based on the model given in 

Figure 5.2 for the same relative humidities at which each εi
exp

 value was measured. The 
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root-mean-square-error (RMSE, shown in Equation 5.2) of the model predicted 

emissivities compared to the experimentally measured data was calculated to be 0.0043.  

RMSE =
√∑ (εi

exp
− εi

pred
)

2
n
i=1

n
 

(5.2) 

5.4 RESULTS AND DISCUSSION 

5.4.1 EMISSIVITY OF BLOOD ON FOUR DRY FABRICS 

Emissivity values for the Ring sample fabric areas, the fabric areas coated in 100 μL 

of blood, and the difference in emissivity between the two surfaces at 0% RH are shown 

in Table 5.1.  

Table 5.1. Emissivities of the four Ring sample fabrics, of blood on each 

fabric, and the difference in the average emissivity of each fabric and 

blood on that fabric. Each emissivity shown is an average of three 

measurements at 0% RH.  The uncertainties given in the table are 95% 

confidence intervals. The emissivity difference between blood and cotton 

is negligible, however the emissivity differences between blood and the 

other three fabrics are significant, with acrylic having the largest 

emissivity difference from blood. 

Fabric Fabric ε Blood ε ε Difference 

Acrylic 0.8233±0.0047 0.8756±0.0032 0.0523±0.0068 

Polyester 0.8802±0.0096 0.9102±0.0028 0.0300±0.0117 

Nylon 0.8700±0.0050 0.8807±0.0051 0.0107±0.0064 

Cotton 0.8753±0.0054 0.8811±0.0013 0.0058±0.0066 

 

Each emissivity value is the average of three measurements of 2400 frames, and the 

given uncertainty values are one standard deviation. Emissivity differences increase in 

the order of cotton<nylon<polyester<acrylic, with the emissivity difference on acrylic 

being ~9x the emissivity difference on cotton. The apparent difference in temperature at 
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40 °C between blood-coated acrylic and uncoated acrylic is about 0.76 °C, while the 

apparent temperature difference between blood-coated cotton and uncoated cotton (0.09 

°C) is approaching the detection limit of our A315 camera (a noise equivalent 

temperature difference, NETD, of 0.050 °C). 

5.4.2 BLOOD EMISSIVITY ON ACRYLIC AS A FUNCTION OF HUMIDITY 

Figure 5.3 shows the modeled thermal emissivity of a reference acrylic fabric sample 

versus measurements of blood coated regions of the Aged sample as a function of 

humidity. The emissivity of the Aged sample shows a negligible change at humidities 

less than 60%, but increases at humidities higher than 60% RH, increasing from 0.90 to 

nearly 0.94.  

Capillary condensation of moisture within the dried blood begins to occur at these 

higher humidities, and similarly to the changes in the acrylic emissivity, will result in a 

decrease in light scattering.
24, 25

 The increase in emissivity may not be as large in 

magnitude as the increase in acrylic emissivity with humidity because the apparent 

emissivity of blood is relatively high and is similar to that of water. As more water coats 

the surface, the emissivity of the water dominates the measured signal intensity. 

However, if the water and blood emissivities are similar, the apparent change in 

emissivity with increasing humidity is small.  

Figure 5.4 shows the difference in the emissivity of the uncoated acrylic fabric and 

the blood-coated acrylic fabric as a function of humidity. The emissivity difference 

decreases from a difference of ~0.08 when the fabric is at a dry state, to ~0.05 at high  
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Figure 5.3. Modeled acrylic fabric emissivity vs relative humidity 

(squares), and calculated emissivity of the blood coated regions of the 

Aged acrylic fabric vs relative humidity (circles).  

humidity. This decrease in the emissivity difference between the two surfaces manifests 

during thermal imaging as a decrease in the contrast in the apparent temperature of the 

two surfaces. The apparent temperature contrast in an image between the blood-coated 

surface and uncoated surface at 40 °C is greater at lower humidities (~1.5 °C) than at 

higher humidities (~0.95 °C). 

At 0% RH, the difference in the emissivity of blood on the acrylic Ring sample (mean 

ε of 0.8756) and the acrylic Aged sample (mean ε of 0.9004) is likely because of the 

difference in the thickness of the coating of blood between the two samples. The increase 

in the emissivity of the acrylic fabric substrate between 60% and 70% RH is not reflected 

in the Aged sample emissivity, indicating that the thermal radiation measured by the  
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Figure 5.4. Plot of the difference in emissivity of the dried blood stain and 

blank acrylic 899 fabric areas of the Aged sample.  

camera from the blood-coated area of the fabric is not influenced by the acrylic fabric 

underneath. In other words, the blood-stained areas in the Aged measurement are 

optically thick. The lower emissivity of the acrylic Ring sample compared to that of the 

Aged sample indicates that the thickness of the blood coating is not optically thick for the 

Ring sample, and the emission from the acrylic fabric underneath is still contributing to 

the observed signal intensity.  

5.5 CONCLUSIONS 

This work is motivated by an interest in a better understanding of the mechanisms of 

steam thermography. Thermal emissivities of dried blood on cotton, nylon, polyester, and 

acrylic fabrics at 0% RH are presented, along with measurements of the thermal 

emissivity of dried blood on acrylic across a range of humidities from 0% to 90% RH. 

This work provides evidence that the thermal emissivity of blood increases with 



www.manaraa.com

110 
 

increasing RH, and that the change in thermal emissivity of acrylic and blood are 

different from one another such that the overall difference in the thermal emissivity of the 

two surfaces decreases with increasing RH. This provides an estimate of the contribution 

of the differential changes in thermal emissivity to the thermal response observed during 

a steam thermography measurement.  
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CHAPTER 6: RIDGE PATTERNS OF BLOOD-TRANSFERRED 

SIMULATED FINGERPRINTS OBSERVED ON FABRICS VIA 

STEAM THERMOGRAPHY
c
 

6.1 INTRODUCTION 

Several reports in the literature describe efforts to detect fingerprints and bloodstains 

for forensic applications via visible light fluorescence, chemiluminescent tests, 

alternative light sources, and infrared reflectance.
1-7

 Existing methods have difficulties 

with patterned and colored substrates, or may contaminate the sample, or may fail to 

render fine detail when it is important, such as in ridge detail of a fingerprint. This 

laboratory recently demonstrated a new method for thermographic imaging of dried 

bloodstains on hydrophobic synthetic fabrics exposed to steam or water vapor.
8
 The 

thermal contrast observed is derived mostly from differential adsorption of water with its 

associated enthalpy (heat) of adsorption, but there are numerous unknowns about the 

method. Questions arising from Reference 7 that remain unanswered include (1) whether 

fine detail in a bloodstain could be preserved despite wicking of the stain into the fabric, 

(2) whether the necessary adsorption of water would obscure any fine detail that might be 

preserved, and (3) whether the method could be extended to hydrophilic fabrics such as 

cotton.  

                                                     
c
 Reproduced and modified from R. G. Belliveau, S. A. DeJong, B. M. Cassidy, et al. Ridge patterns of 

blood-transferred simulated fingerprints observed on fabrics via steam thermography. Forensic Chem. 

2016; 1: 74-77. https://doi.org/10.1016/j.forc.2016.07.005 with permission from Elsevier.  
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To address these questions, we utilized a new infrared camera with higher spatial and 

temporal resolution than the camera used in Reference 8 and other chapters, and 

simulated fingerprints with ridge patterns transferred using rat blood. The present report 

describes these experiments and provides definite answers to the first two of these 

questions, and insight into the third. Even in conditions where the fingerprints wick into a 

synthetic fabric, the ridge patterns remain visible in both the initial exposure to steam and 

repeated exposures, in the heat-up and in the cool-down phases of the experiment. 

Further, it appears that high-speed micro-imaging may offer a method for suppressing the 

strong background fabric response observed in cotton by visualizing individual cotton 

fibers at the surface where ridge patterns may be preserved. 

6.2 MATERIALS AND METHODS  

6.2.1 SIMULATED FINGERPRINT STAMP 

A custom rubber stamp (Smith Rubber Stamps & Seals, Columbia, SC) was made 

with which to transfer simulated ridge patterns to any surface of our choice, using any 

transfer medium compatible with the stamp materials. The stamp was designed by 

adapting artificial fingerprint artwork (Figure 3.6) that was purchased from 

shutterstock.com (Image ID: 180872426). The final stamp is 51 x 33 mm in size, which is 

approximately 50% larger than a natural fingerprint; the size was chosen as the minimum 

that allowed the rubber stamp to be commercially fabricated with preserved ridge detail. 

The stamp and its use are described in more detail in Chapter 3. Two transfer prints were 

placed on the surface of each fabric, one made with undiluted rat blood, and the other 

made with rat blood diluted 1:10 with water (Figure 6.1). At the time of these 

experiments the prints had dried and aged in air for approximately eight months.  
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The visible light images of the transfer prints (Figure 6.1) show that on the right edge 

of each transfer print, the blood did not maintain the ridge structure after it was stamped. 

The fused ridges were produced while transferring the blood to the fabric using the 

stamp, and are not a defect of the stamp itself, nor an artifact of steam thermography. 

 

Figure 6.1. Visible light images of the whole blood transfer prints on three 

fabrics. A) Acrylic. B) Polyester. C) Cotton. Each fabric has two transfer 

prints, one in whole blood, and the other in ten-fold diluted blood (not 

shown) as described in the text. White boxes indicate the location of each 

fabric imaged by microthermography, as shown in Figure 6.3.  

6.2.2 FABRICS 

Three fabrics are used in this study: the purple acrylic 917 fabric, the brown polyester 

905 fabric, and the red cotton 899 fabric, each of which are described in detail Chapter 1. 

Each fabric was commercially obtained undyed, and subsequently triple-dyed using the 

dyes in Table 1.1 at North Carolina State University’s Wilson College of Textiles in 

2004. The properties of the fabrics and the fibers they are composed of are given in the 

same table, along with references to spectroscopic measurements by this group using 

these fabrics as samples or sample substrates.  
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The acrylic fabric is warp-faced, meaning that it is the warp threads that form the 

most prominent features on the face of the fabric. The polyester fabric is a uniform plain 

weave, meaning the face of the fabric is composed equally of both the warp and the weft 

threads. The cotton fabric is a twill, and so it has two distinct faces. One of the faces has 

warp threads that are the most prominent, while the other is dominated by weft threads. 

In both cases, however, the two types of threads contribute to the exposed surface. The 

transfer print was placed onto the warp-dominant side of the fabric.  

6.2.3 IMAGING 

The samples were thermographically imaged in two ways: imaging an entire print at 

once using a 50 mm lens, and imaging a single ridge magnified by a 13 mm lens placed 

backwards from the standard configuration to act as an extreme macro-type lens for 

microscopic imaging. Both lenses have an f/# of f/2.5, and a numerical aperture of 0.20. 

Both data sets were acquired using a FLIR Systems A6751sc SLS thermal imaging 

camera, using the settings in Table 6.1. The camera was operated using FLIR Systems 

ResearchIR software.  

Table 6.1. Camera settings for the macroscopic imaging of full prints and 

the microscopic imaging of print areas using the FLIR Systems A6751sc 

SLS thermal imaging camera.  

Settings Full Print Magnified Print 

Framerate 30 Hz 120 Hz 

Lens 50 mm 13 mm 

Window Resolution 320x256 640x512 

Integration Time 480 ns 480 ns 
 

Steam was generated as described previously using a hand-held garment steamer.
8
 

Recordings began prior to the exposure of a fabric to moisture. Steam was directed 
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toward the fabric from a distance of about 1 foot for approximately 3 seconds, and then 

the source was removed to allow the adsorbed moisture to begin evaporating. This 

process was repeated until the end of each recording. Each recording thus begins with the 

fabric at equilibrium followed by moderately rapid cycles (periods in the range of ~10 

seconds) of adsorption and desorption.  

6.3 RESULTS AND DISCUSSION 

Steam thermography images of the undiluted ridge patterns on acrylic, polyester, and  

 

Figure 6.2. Individual frames from 30 s recordings of dried blood 

transferred prints on the acrylic 917 (A and D), polyester 905 (B and E), 

and cotton 899 (C and F) fabrics. Black boxes indicate the location of each 

fabric imaged by microthermography, as shown in Figure 6.3.  Details of 

these images are found in the text. 
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cotton are shown in Figures 6.2A-6.2F. The images in the figure are extracted from 

individual frames taken from 30 second recordings at 30 frames per second. Figures 

6.2A-6.2C were recorded during a 3 s exposure to water vapor, while frames 6.2D-6.2F 

were recorded approximately 2 s after the end of the water vapor exposure, during the 

evaporative cycle. The whole blood patterns on acrylic and polyester “leap out” for the 

observer immediately on exposure to steam with enough contrast to easily distinguish 

individual ridges in the transfer print on both fabrics. During the process of the vapor 

evaporating from the surfaces, the prints cool and again individual ridges of each transfer 

print are distinguishable, but as darker than the fabric. Prints on cotton however, are not 

readily observable. 

 

Figure 6.3. Individual frames from 30 s recordings of transfer prints made 

using 10X diluted blood on the acrylic 917 (A and C) and polyester 905 (B 

and D) fabrics. The top row shows the transfer prints during exposure to 

water vapor, and the bottom row shows the transfer prints approximately 2 

s after the end of the water vapor exposure during the evaporative cool-

down cycle. 
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Patterns made with blood diluted ten-fold with water, shown in Figures 6.3A-6.3D, 

were also easily visualized on acrylic and polyester, but not on cotton, with the caveat 

that on polyester these lower-concentration prints showed a “halo” similar to that 

reported previously.
8
 Despite this effect, the ridge pattern remains clear on two of the 

three fabrics. We attribute the halo effect observed on polyester to separation of 

components of the blood when the diluted solution wicks into the fabric. If this is the 

correct interpretation, at least some blood components that are important to steam 

thermography observation must remain at the site of initial deposition and resist 

transport.  

A novel observation with the new thermal imaging camera used for this study was 

made possible by micro-thermographic imaging. Adult fingerprint ridges are 

approximately 500 µm in breadth.
9
 Under the conditions of the measurement of the full 

prints, the camera has a spatial resolution on the order of 200 µm, which allows the 

ridges themselves to be distinguished. Accordingly, the images of Figure 6.2 are suitable 

to show that any preserved ridge-level detail on a fabric is retained in steam 

thermography. However, the microstructure of the ridge patterns on fabrics is not readily 

observable in Figure 6.2 or Figure 6.3 for any of the fabrics. By reversing a lens and 

using the camera in a close-up mode, we were able to produce images showing an area on 

the fabric that is approximately 3 mm across with a spatial resolution of approximately 5 

µm, enough to easily observe fibers and features within a ridge. Figure 6.4 shows these 

magnified images aligned to match the orientation of the same regions in Figures 6.1 and 

6.2. Small boxes drawn in Figures 6.1 and 6.2 for reference show where the magnified 
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images in Figure 6.4 were acquired. A higher frame rate of 120 frames per second 

enabled improved temporal resolution at the same time.  

 

Figure 6.4. Microthermographic images of blood transfer print ridge 

patterns on the acrylic 917 (A and D), polyester 905 (B and E), and cotton 

899 (C and F) fabrics. Each image shows an area of approx. 3 mm. Top 

row images show fabrics prior to water vapor exposure. Bottom row 

images show the same areas of each fabric during exposure to water 

vapor. Images are rotated to the same orientation as the transfer prints in 

Figures 6.1 and 6.2. 

Figure 6.4 shows detail of print ridges on acrylic, polyester and cotton. One problem 

that is observed in steam thermography is the difficulty of producing an even exposure to 

moisture. Micro-scale steam thermography, as shown in Figure 6.4, effectively eliminates 

this problem because the spatial distribution of steam/vapor is uniform on a very small 

spatial scale.   

On acrylic, the print ridge is readily observable on exposure to steam. Literature 

studies of transfer prints show that the transfer is not even across a woven fabric, but 

occurs mainly on the top of the weave.
10-12

 This phenomenon results in periodic breaks in 
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the print ridge that are not obvious in the images of Figure 6.2. One of these breaks is 

visible in the center of the ridge in Figure 6.4D. The break corresponds to a depression in 

the warp of the fabric due to the presence of a weft thread, which is not visible.    

In comparison, the whole blood print ridge on polyester showed less contrast during 

steam microthermography, possibly due to the same leaching of soluble blood solids into 

the fabric that results in the “halo” effect. Similar to acrylic, though, it is the raised 

portions of the fabric weave that preserve evidence of the print ridges (Figure 6.4E). 

Because of the uniform nature of this fabric, the transfer print appears on both the warp 

and weft threads. 

Figures 6.4C and 6.4F show the most intriguing microthermographic imaging in this 

study. Cotton, as reported previously and also shown in Figures 6.2C and 6.2F, is a 

difficult subject fabric for steam thermography due to the hydrophilic nature of cotton 

itself. While most synthetic fabrics like acrylic and polyester do not adsorb water vapor 

strongly, dry blood can adsorb around 8% of its weight in water vapor at 50% humidity.
13

 

Literature studies show that the amount of moisture that cotton can adsorb per gram at 

any given level of humidity is of the same order as can be adsorbed by blood solids.
14

 

The enthalpy (heat) of water adsorption is also likely to be of the same order for cotton 

and blood solids. The images shown in Figure 6.4 suggest an approach to visualizing 

blood on cotton via fast microthermographic imaging.  

The most prominent points on the face of the cotton fabric used for the blood transfer 

print are warp threads. In Figures 6.2C and 6.2F, the blood transfer print is very faint, so 
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we did not expect to observe ridge pattern detail on the microthermography analysis. 

However, some ridge pattern detail was observed.  

In the magnified images of cotton (Figure 6.4C and 6.4F), individual threads that are 

protruding from the bulk of the fabric are visible in the region of a print ridge. These 

threads are approximately 250 µm wide. The contrast between the protruding fibers in the 

region of a print ridge is visible only for a very short time, approximately 30 ms in these 

recordings. Our interpretation is that the protruding loose fibers are the first to be exposed 

when water vapor is directed at the fabric, and the response is stronger for a coated loose 

fiber than an uncoated loose fiber. This may not be a result of a stronger adsorption of 

water per unit mass, but indirectly as a result of the increased thermal mass of a coated 

fiber compared to a clean fiber. Whatever the origin, the ephemeral nature of the 

observation is due to the fact that when the bulk of the cotton fabric behind the loose 

fibers begins adsorbing moisture, the details are lost in the very large response of the bulk 

of the fabric.  This is the first, albeit tentative, evidence that there is a thermal signature 

for a hydrophilic deposit on cotton, and suggests that further work is needed in this area. 

6.4 CONCLUSIONS 

This work illustrates that fine detail can be resolved via steam thermography of blood 

stains on some fabrics. Ridge detail in blood transfers can be resolved in at least some 

cases. These results also suggest a possible method for detecting transferred material on 

cotton despite its strong inherent response to moisture, based on observations of isolated 

cotton fibers occurring as a natural feature of the fabric.  
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APPENDIX A: MATLAB CODE USED TO PROCESS 

THERMOGRAPHIC MEASUREMENTS 

Appendix A records code used to process thermographic measurements. Each section 

is a function or script which is commented to provide the information needed to use the 

code.  

A.1. BINARYMOVIE 

function [data_final,filename,pathname]=binarymovie 
%This function reads binary data into matlab. This function is designed to be used 

%when recording the steaming operation. Copied from HB's function / Updated by 

%OBrien (1/20/13) / Updated by RGBelliveau (10/8/14) 
[filename,pathname] = uigetfile('*.bin'); 
fullname = strcat(pathname,filename); 
fid=fopen(fullname,'r','b'); 
introdat=(fread(fid,[200,1],'uint16')); 
fseek(fid,0,'eof'); 
n=(ftell(fid))/(2*240*320);%n= the total number of frames. 

  
% This code builds the 3D data array of images. 

fseek(fid,0,'bof'); % Ray - I changed this from (fid,200,'bof') to 0 because we 

%have no header in the current recordings. (Wayne - There are 200 bits of 

%"junk" data that we skip.) 
data=zeros(240, 320, n,'uint16'); % Preallocate for speed 
for i=1:n 
    data(:,:,i)=rot90((fread(fid,[240,320],'uint16')),3)'; 
end 
fclose('all'); 
data_final = double(data);%Ray - I changed this from flipping the image 

%(flipdim, X, 2) to not flipping it. Conversion to Double type of data 

A.2. MOVIEPLAYER 

function MoviePlayer(I,pausetime) 
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%By Raymond Belliveau, Aug 2014. Reads in an array, and displays each x,y 

%matrix as a single movie frame. The number of frames is the length of the 3rd 

%dimension of the array. I is the 3d array to be played. Pausetime is the time between 

%frames, it is optional. 
  

Pcheck=exist('pausetime','var'); 
  
if Pcheck==0 
    pausetime=0.01; 
end 

  
%Build the display window and style it. 

figure, set(gcf, 'Color','white');  
  
%Plays through the 3rd dimension at a rate determined by the pause function. 

for i=1:length(I); 
    II=rot90(I(:,:,i)); 
    pcolor(II);shading interp; colormap(gray); 
    title(num2str(i)); 
    drawnow; 
    pause(pausetime); 
end; 

A.3. AVIEXPORTER 

%Raymond Belliveau, March 2015. 
%This makes an avi file from a data array. The file is saved into the active MATLAB 

%directory. 
  
function AviExporter(I,framerate) 
%Name the array: 

n=input('What is this movie called?','s'); 
  
%Create figure 

figure, set(gcf, 'Color','white') 
set(gca, 'nextplot','replacechildren', 'Visible','off'); 

  
%Create AVI object 

nFrames = size(I,3); 
vidObj = VideoWriter(n); 
vidObj.Quality = 100; 
vidObj.FrameRate = framerate; 
open(vidObj); 
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%Create movie 
for k=1:nFrames; 
   pcolor(I(:,:,k)),shading interp,colormap(gray); 
   writeVideo(vidObj, getframe(gca)); 
end 
close(gcf) 

  
%Save as AVI file, and open it using the default system video player 

close(vidObj); 
winopen(vidObj.Filename) 

A.4. SENSORDATA 

%Sensor Data Import and Selection. 

%Emissivity measurements recorded temperature and humidity from two sensors into 

%a text file during thermal imaging. 
%This code pulls data from the tab-deliminated text file, separates it into temperature 

%and humidity readings from the sensor, and smooths the data. 
  
function [S1Temperature,S2Temperature,S1RH,S2RH]=SensorData  
  

[filename,pathname] = uigetfile('*.txt'); 
fullname = strcat(pathname,filename); 
sdata=tdfread(fullname); 
ssdata=struct2cell(sdata); 
S1Tr=ssdata{2,:}; 
S1RHr=ssdata{4,:}; 
S2Tr=ssdata{6,:}; 
S2RHr=ssdata{8,:}; 

  
%Smooths the sensor data with a Savitzky-Golay filter with a window size of one 

%second. 
  

S1Temperature=sgolayfilt(S1Tr,1,11); 
S2Temperature=sgolayfilt(S2Tr,1,11); 
S1RH=sgolayfilt(S1RHr,1,11); 
S2RH=sgolayfilt(S2RHr,1,11); 
 

A.5. VCHAMBERWORKUP 

%This code is used to process all of the recordings from the solvent study at once. It 

%requires all of the .bin files to be placed in folder for each solvent (e.g. the folder 

%‘Water’ contains both adsorption and desorption files of the recordings of the water 
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%experiments. All of the solvent folders should be placed into a folder which is 

%named according to the ‘foldername’ variable. 

  

function [DataResults]=VChamberWorkup 

  

foldername='VacuumWork\Array'; 

  

dirr='C:\Users\scott\Documents\RGBelliveau\Data'; 

selectiondir=strcat(dirr,'\',foldername); 

foldercheck=exist(selectiondir,'dir'); 

if foldercheck==0 

    mkdir(dirr,foldername); 

end 

  

olddir=cd(selectiondir); 

list=dir; 

  

j=1; 

for i=1:size(list,1) 

    if strcmp(list(i,1).name,'.')==0 

        if strcmp(list(i,1).name,'..')==0 

            foldernames{j,1}=list(i,1).name; 

            j=j+1; 

        end 

    end 

end 

  

path=selectiondir; 

  

for i=1:length(foldernames) 

   L{i}=strcat(path,'\',foldernames{i});  

end 

  

%Get all filenames. 

  

for k=1:length(L)    

    updir=cd(L{k}); 

    list=dir; 

    j=1; 

    for i=1:size(list,1) 

        if strcmp(list(i,1).name,'.')==0 

            if strcmp(list(i,1).name,'..')==0 

                filenames{j,k}=list(i,1).name; 

                j=j+1; 

            end 

        end 
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    end 

    cd(updir); 

    clearvars -except L olddir filenames 

end 

  

y=1; 

for i=1:length(L) 

    for j=1:size(filenames,1) 

        PathList{y}=strcat(L{i},'\',filenames{j,i}); 

        y=y+1; 

    end 

end 

  

x=1; 

for k=1:length(PathList) 

        

    I=LoadBinMovie(PathList{k}); 

  

    PNeat=squeeze(mean(mean(I(171:179,107:113,:)))); 

    P10X=squeeze(mean(mean(I(115:124,100:109,:)))); 

    PBlank=squeeze(mean(mean(I(62:71,50:55,:)))); 

    ANeat=squeeze(mean(mean(I(61:70,98:107,:)))); 

    A10X=squeeze(mean(mean(I(227:239,45:59,:)))); 

    ABlank=squeeze(mean(mean(I(116:125,155:165,:)))); 

    NNeat=squeeze(mean(mean(I(112:121,44:52,:)))); 

    N10X=squeeze(mean(mean(I(171:186,155:167,:)))); 

    NBlank=squeeze(mean(mean(I(223:235,104:112,:)))); 

    CNeat=squeeze(mean(mean(I(226:235,160:167,:)))); 

    C10X=squeeze(mean(mean(I(69:73,158:159,:)))); 

    CBlank=squeeze(mean(mean(I(170:179,44:51,:)))); 

  

    

P={PNeat,P10X,PBlank;ANeat,A10X,ABlank;NNeat,N10X,NBlank;CNeat,C

10X,CBlank}; 

Names={'Polyester','Acrylic','Nylon','Cotton'}; 

     

  

    for j=1:size(P,2); 

        for i=1:size(P,1); 

           T=(P{i,j}); 

           Early=mean(T(1:200)); 

           Later=mean(T(1000:1500)); 

           Delta(i,j)=Later-Early; 

        end 

    end 
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    y=1; 

    for i=1:size(Delta,1) 

        for j=1:size(Delta,2) 

            Delta2(y)=Delta(i,j); 

            y=y+1; 

        end 

    end 

     

    DataResults{x,1}=PathList{1,k}(70:end); 

    DataResults{x,2}=Delta2; 

    DataResults{x,3}=P; 

    x=x+1; 

    clearvars -except filenames PathList DataResults x olddir k    

end 

  

%Return directory to where it was before running this. 

cd(olddir); 

 

A.6. COTTON SILANIZATION ANALYSIS SCRIPT 

This script was used to extract signal intensity values for calculations in the cotton 

silanization study. 

I=binarymovie; %Load in the pre-silanization measurement. 

PreImg=I(:,:,450); 

PreBlood=I(123:129,167:172,:); 

PreFabric=I(123:129,180:184,:); 

  

I=binarymovie; %Load in the post-silanization measurement. 

PostBlood=I(122:129,159:165,:); 

PostFabric=I(122:129,171:176,:); 

PostImg=I(:,:,300); 

  

PreB=squeeze(mean(mean(PreBlood))); 

PostB=squeeze(mean(mean(PostBlood))); 
PostF=squeeze(mean(mean(PostFabric))); 

PreF=squeeze(mean(mean(PreFabric))); 

  

EarlyPreB=mean(PreB(1:200)); 

EarlyPostB=mean(PostB(1:200)); 

ZeroedPreB=PreB-EarlyPreB; %Thermal response 

ZeroedPostB=PostB-EarlyPostB; %Thermal response 

  

EarlyPreF=mean(PreF(1:200)); 

EarlyPostF=mean(PostF(1:200)); 
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ZeroedPreF=PreF-EarlyPreF; %Thermal response 

ZeroedPostF=PostF-EarlyPostF; %Thermal response 

  

PreDiff=ZeroedPreB-ZeroedPreF; %Contrast values 

PostDiff=ZeroedPostB-ZeroedPostF; %Contrast values 
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