
ABSTRACT 

HALL, MICHAEL STEVEN. Thermal Signature Management. (Under the direction of Dr. 

Behnam Pourdeyhimi.) 

 

Thermal signature management takes the form of altering a material’s emissivity or 

modifying a surface’s temperature to influence the amount of energy radiated from its 

surface. For many applications and for this research the former type of thermal signature 

management is of primary focus. Emissivity is a value that represents how readily a material 

emits radiation when compared to a perfect emitter. Controlling a material’s radiative heat 

transfer offers the opportunity for thermal camouflage, better insulation properties, or better 

cooling properties depending on how emissivity is altered. Low emissivity coatings were 

created by applying a knife coating consisting of a polyurethane dispersion containing 

aluminum flakes onto woven polyester and tent fabric (PE/PET nonwoven with a TPO back 

coating) substrates. Coatings were created at a variety of wet weight percentages (5, 10, 20, 

30%) with three Al flakes varieties that had median diameters of 9, 14, and 55 μm. Above 

those weight percentages some coatings experienced peeling issues. To measure emissivity a 

testing setup was constructed using a temperature controller, thermocouple, high emitting 

reference of known emissivity (black electrical tape), highly reflective reference (polished 

brass), heating pad, highly conductive copper plate, melamine foam, polycarbonate tube, 

FLIR t650sc Infrared Camera, FLIR Tools software, and a camera tripod. All particle size 

coatings experienced decreases in emissivity as particle weight percentage increased. The 

medium sized, 14 μm Al flakes achieved lower emissivities than all other particles sizes at 

every wet weight percentage, except at 5 %. Notably, 9 and 14 μm coatings were observed to 

start demonstrating blackout effects at wet weight percentages as low as 15 and 20 % for 14 

and 9 μm coatings, respectively. The blackout effect being the blocking of all or the majority 

of visible light when a light source is placed near it. This finding indicates these coatings 

may have potential applications in areas that traditional blackout coatings are utilized in, such 

as military tents. Low emissivity coatings on the inner surface of a tent were noticed to 

advantageously reflect light back into a tent, instead of absorbing it like a blackout coating 

would, which reduces the energy needed to illuminate a tent. thermal model for steady state 

was developed by modeling the tent fabric system as a circuit to examine the effects of the 

coatings on the structure’s thermal resistance. Increases in thermal resistance were confirmed 



in the model. Overall low emissivity coatings on the inner surface of tent fabric were shown 

to aid in tent illumination back reflecting visible light back inwards, provided a blackout 

effect, and increase thermal resistance. Polyurethane coatings produced by a doctor blade 

with either 16 or 40 mil gap sizes were also shown to be capable of use in attaching LED 

fibers. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2017 Michael Steven Hall 

All Rights Reserved



Thermal Signature Management 

 

 

by 

Michael Steven Hall 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

Textile Engineering 

 

 

Raleigh, North Carolina 

2017 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 

Dr. Behnam Pourdeyhimi                      Dr. Benoit Maze 

Committee Chair 

 

 

 

_______________________________   

Dr. Hechmi Hamouda                   



 

ii 

 

DEDICATION 

 

I would like to dedicate this to my wife, Melanie Martin; my parents, Steven and Beverly 

Hall; my close friends, Stefan Garcia and Tyler Lindley; my brother, Andrew Hall; faculty 

member, Dr. Jeffrey Joines; and to Steven Malaret whose love for family, friends, 

community and God act as a reminder of what is truly important in life. 



 

iii 

 

BIOGRAPHY 

 

Michael Hall was born in Raleigh, NC and was raised in nearby Clayton, NC. He graduated 

Magna Cum Laude and as a Scholar from North Carolina State University with a Bachelor’s 

of Science in Textile Engineering in 2015. In order to further his knowledge of Textiles and 

Nonwovens he decided to enroll in the Master’s of Science in Textile Engineering program at 

North Carolina State University in 2015. After graduation, he plans to pursue a career in 

product development. Outside of academics and work, he has been an active runner and has 

completed various half marathons and a marathon.  



 

iv 

 

ACKNOWLEDGMENTS 

 

Behnam Pourdeyhimi, Ph. D. 

Hechmi Hamouda, Ph. D. 

Benoit Maze, Ph. D. 

Head of Machine Shop: Hai Bui 

Officemates: Nguyên Khánh Vũ, Paula Cuervo, Farzad Rezaei, Mesbah Najafi 

Lab Managers/Technicians: William Barnes, Amy Minton, Eric Lawrence, Bruce Anderson 

In particularly, I would like to give a special acknowledgment to Dr. Behnam Pourdeyhimi 

for his guidance and patience with my research, for his graduate level course TT/NW 508 

that furthered developed my interest in product development, and due to a chance meeting 

with him at a dinner in 2014 acting as a catalyst that eventually led to me pursuing a graduate 

education. Thus, I would like to give a special acknowledgement to my advisor, Dr. Behnam 

Pourdeyhimi since without his influence this thesis would have never been created. 

  



 

v 

 

TABLE OF CONTENTS 

 

LIST OF TABLES .................................................................................................................. viii 

LIST OF FIGURES ................................................................................................................... ix 

I. Introduction ............................................................................................................................. 1 

II. Literature Review ................................................................................................................... 3 

A. Brief History of Camouflage ......................................................................................... 3 

B. Types of Camouflage and Camouflage Spectrums ........................................................ 4 

C. Thermal Infrared Radiation ........................................................................................... 7 

D. Approaches for Creating Thermal Camouflage ........................................................... 18 

i. Introduction ................................................................................................................ 18 

ii. Adaptive Camouflage .............................................................................................. 20 

iii. Temperature Regulation Approach .......................................................................... 21 

iv. Low Emissivity Surface Approach .......................................................................... 25 

E. Background on Military Coverings ............................................................................. 32 

i. Introduction ................................................................................................................ 32 

ii. Military Tents .......................................................................................................... 33 

1. Current Designs ....................................................................................................... 33 

2. Possible Future Designs........................................................................................... 37 

3. Concluding Remarks ............................................................................................... 38 

iii. Ultra Lightweight Camouflage Netting Systems (ULCANS) ................................... 39 

F. Approaches to Low Emissivity Components ............................................................... 41 

i. Introduction ................................................................................................................ 41 

ii. Binders .................................................................................................................... 42 

iii. Low Emissivity Components ................................................................................... 46 



 

vi 

 

iv. Other Potentially Useful Materials ........................................................................... 53 

G. Production .................................................................................................................. 56 

i. Overview .................................................................................................................... 56 

ii. Knife Coating .......................................................................................................... 59 

iii. Electrospinning ....................................................................................................... 63 

H. Standards .................................................................................................................... 65 

i. Tents ........................................................................................................................... 65 

ii. ULCANS ................................................................................................................ 66 

iii. Thermal Measurements and Emissivity ................................................................... 69 

I. Concluding Remarks ...................................................................................................... 72 

III. Materials ............................................................................................................................. 73 

IV. Emissivity Testing Setup ..................................................................................................... 74 

A. Construction ............................................................................................................... 74 

B. Testing Methodology .................................................................................................. 77 

V. Experimentation ................................................................................................................... 80 

A. Low Emissivity Coatings ............................................................................................ 80 

i. Overview and General Procedure ................................................................................ 80 

ii. Trial 1: Testing for Emissivity Reduction ................................................................ 81 

iii. Trial 2: Tent Coatings and 55 μm at 40% Wet Weight ............................................. 83 

iv. Trial 3: Effect of Particle Size and Weight %........................................................... 84 

B. Visible Light Interaction ............................................................................................. 92 

C. Line Attachment Trials ............................................................................................... 96 

i. Purpose of Lines ......................................................................................................... 96 

ii. Lamination .............................................................................................................. 98 

iii. Knife Coating ........................................................................................................ 104 



 

vii 

 

D. Thermal Model ......................................................................................................... 106 

VI. Summary and Conclusion ................................................................................................. 113 

VII. References ....................................................................................................................... 116 

 

  



 

viii 

 

LIST OF TABLES 

Table 1: Infrared Wavebands and their Common Applications. ...................................................5 

Table 2: Common pigments used to cause scattering and their constants [15]. ........................... 30 

Table 3: Infrared Absorption Characteristics of Common Structural Units [63] ......................... 44 

Table 4: Common TCO Metal Oxides and Dopant Combinations [80] ...................................... 55 

Table 5: Formulation of Polyurethane Coating .......................................................................... 80 

Table 6: Trial 1 Results ............................................................................................................. 83 

Table 7: Emissivity Summary Table .......................................................................................... 85 

Table 8: Blackout Effect and Luxmeter Readings ...................................................................... 93 

Table 9: Polyethylene Lamination Trial Parameters and Results ................................................ 99 

Table 10: Kraton Lamination Trial Parameters and Results ..................................................... 103 

Table 11: Thickness (μm) ........................................................................................................ 108 

Table 12: Mean Thickness of Each Component in μm and mm ............................................... 109 

Table 13: Overall Emissivity and Visible Light Interaction Results ......................................... 114 

 



 

ix 

 

LIST OF FIGURES 

Figure 1: A FLIR One Thermal Imager. ......................................................................................4 

Figure 2: The electromagnetic radiation wavelengths that are most relevant to camouflage. ........5 

Figure 3: An example of a thermal image [9]...............................................................................7 

Figure 4: Effects of foot being covered by a bag in the thermal infrared and in the visible. ..........9 

Figure 5: A comparison of the emittance of the three classifications of materials [9]. ................ 12 

Figure 6: The maximum emitted wavelengths of blackbodies [9]. ............................................. 13 

Figure 8: Diffuse and Specular Reflectance. .............................................................................. 15 

Figure 7: The Radiosity of an object hit by incident radiation. ................................................... 15 

Figure 9: Ideal Diffuse Reflection. ............................................................................................ 16 

Figure 10: Illustration of the effect of emissivity and temperature on radiance [20]. .................. 17 

Figure 11: A heated piece of metal with one side painted black observed visually and through a 

thermal camera [29]. ................................................................................................................. 17 

Figure 12: Adaptiv camouflage demonstration [35]. .................................................................. 21 

Figure 13: Thermal image compared to visible image when looking at a mirror. ....................... 26 

Figure 14: Thermal image and visible image of a window. ........................................................ 26 

Figure 15: A pot lid reflecting suspiciously hot solar reflection toward an imager. .................... 27 

Figure 16: The likely fabric property incompatibilities [4]. ........................................................ 34 

Figure 17: A military coating’s desired properties and the negative aspects of coatings. ............ 35 

Figure 18: A two person TOMCAT tent [55]. ............................................................................ 37 

Figure 19: An island in the sea polymer composite [50]. ........................................................... 38 

Figure 20: Leaf-Cut design from 1985 patent. ........................................................................... 39 

Figure 21: Leaf-Cut design from both a 1990 and 2010 patent. .................................................. 40 

Figure 22: Price Vs. Electrical Resistivity of Common Metals................................................... 48 

Figure 23: Incident radiation on coatings containing flaky and spherical pigments. ................... 51 

Figure 24: Coating containing flake without leafing (left) and coating containing leafing flake 

(right) interacting with incident radiation [21]. .......................................................................... 52 

Figure 25: Illustration of coform process. .................................................................................. 58 

Figure 26: The various knife coating types [88]. ........................................................................ 61 

Figure 27: Knife geometries. From left to right, pointed, round, and shoe [88]. ......................... 62 



 

x 

 

Figure 28: Example of an electrospinning set up. ...................................................................... 63 

Figure 29: First Iteration of Testing Setup ................................................................................. 74 

Figure 30: View of Plate from Above ........................................................................................ 75 

Figure 31: Heating Pad on Underside of Disk ............................................................................ 75 

Figure 32: Final Iteration of Testing Setup ................................................................................ 76 

Figure 33: Image Five of the 55 µm Flake Coating at 30 wet weight %. .................................... 79 

Figure 34: Peeling of 14 μm Al Coating at 40% Wet Weight ..................................................... 81 

Figure 35: Omni-Heat™ shirt as viewed by IR Camera ............................................................. 82 

Figure 36: Coated Tent Fabric Varieties .................................................................................... 85 

Figure 37: Emissivity by Weight for All Flakes Sizes ................................................................ 87 

Figure 38: Curing/Shrinkage Orienting Effect on Flakes ........................................................... 89 

Figure 39: Emissivity by Wet Weight Percentage for 9 μm Flakes............................................. 90 

Figure 40: Emissivity by Wet Weight Percentage for 14 μm Flakes ........................................... 91 

Figure 41: Emissivity by Wet Weight Percentage for 55 μm Flakes ........................................... 91 

Figure 42: Light Penetration Through a Sample Without A Light Blocking Coating .................. 94 

Figure 43: Example of a Starry Night Coating ........................................................................... 95 

Figure 44: Streak Defect in Two Different Coated Fabrics ........................................................ 95 

Figure 47: A sample from run six that demonstrates how lines were attached to the substrate. ... 98 

Figure 48: Failed line attachment of a polyethylene laminated Al coated tent fabric. ................. 98 

Figure 49: Run 1 sample, nonwoven laminated with 100 gsm Kraton ...................................... 101 

Figure 50: Run 16 sample, nonwoven + TPO laminated with 200 gsm Kraton......................... 101 

Figure 51: Top view, side view, and bottom view of filament held between metal plates for 

softening. ................................................................................................................................ 104 

Figure 52: PU coating created with a doctor blade with 16 mil gap. ......................................... 106 

Figure 53: PU coating made with knife with 40 mil gap with bubbles present.......................... 106 

Figure 54: Coated Tent Fabric Construction and Orientation Relative to Body ........................ 107 

Figure 55: Thermal Resistance of Tent Fabric Modeled as a Circuit ........................................ 107 

Figure 56: Screenshot of Excel Sheet Containing Thermal Model ........................................... 112 

Figure 57: Screenshot of Metabolic Rate Portion of Thermal Model ........................................ 112 



 

1 

 

I. Introduction 

 Modern military equipment has to combat ever improving technology to keep soldiers 

safe, prevent detection, and enable military operational success. An ideal piece of camouflage 

would provide meaningful multispectral signature management against visual observation, night 

vision goggles, image intensifiers, homing missiles, and thermal imagers. Meaningful 

multispectral camouflage is relatively hard to accomplish and many applications only protect 

against certain wavebands. Some signature management, such as in the visible region have 

already been well addressed in literature and implemented into designs. For instance, visual 

camouflage is incorporated to some extent in almost every piece of military equipment that will 

be found on a battlefield. Outside of visual camouflage, an object’s presence can be given away 

by sensors and imagers reading the non-visible forms of electromagnetic radiation released and 

reflected by an object. An object’s emitted infrared radiation falls within the NIR, SWIR, 

MWIR, and LWIR wavebands and there are sensors and imagers that detect in each. Overall, the 

potential for detection in those various wavebands has made a camouflage designer’s job 

significantly more complex as often what allows good performance in one waveband worsen 

performance in another. Thermal camouflage especially in relation to fabrics is less well 

established in both literature and operational settings than camouflage designed to function in 

lower wavebands.  

Most military fabrics have limited thermal camouflage capabilities. For instance, 

uniforms traditionally tend to provide little protection, except for in ghillie suits. Tents perform 

only slightly better and their standards suggest that thermal camouflage has limited 

implementation and requirements in current designs. Instead many standards require tents to be 

compatible with ultra lightweight camouflage netting systems (ULCANS), which can assist in 

the management of a tent’s signature [1]. Netting system can usefully break up a tent’s shape and 

silhouette, which greatly reduces detection risks [2]. Similarly, they can be used to eliminate 

shape and silhouette detection concerns that apply to many other unnaturally shaped pieces of 

military equipment, such as tanks and helicopters. Overall, netting systems appear to be the only 

military fabric that can manage thermal signatures. Their designs relying on good ventilation, 

and air gap between the covered object and the fabric, and low emissivity outer coating 

properties to provide camouflage. 
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Research on thermal camouflage generally centers around low emissivity coatings as 

these coatings are typically used to make hot objects appear to be the same temperature as their 

colder surroundings. While a plethora of literature on low emissivity coatings exists, a less than 

ideal amount of it specifically deals with thermal camouflage applications. Of the research that is 

focused on camouflage, the produced samples are rarely evaluated for more than a few relevant 

properties and often lack information on performance in non-thermal spectrums. Another 

shortcoming is the limited amounts that address optimization of coating process parameters or 

compare the performance of production techniques. For textiles, it is especially lacking, as most 

papers deal with coatings applied to non-textile substrates and there is a general lack of research 

that utilizes traditional textile coating techniques. Thus, it would be useful to explore the viability 

of using textile centric coating techniques to create low emissivity coatings. There also is a lack 

of papers dealing with the effectiveness of different textile structures for this application. In 

terms of fabric design characteristics, patents do provide some insights, but ultimately there are 

few meaningful quantitative comparisons of different design builds. Similarly, certain design 

elements that are somewhat common in patents are not commonly found in research literature. 

As a Swedish government report also concluded, there appears to be an issue with there being no 

clear set of property requirements a coating must meet for it to be useful for military 

applications, which ultimately makes it difficult for researchers to set goals for their work and 

renders evaluating effectiveness of coatings difficult [3]. Literature does usefully explore the 

available materials for producing low emissivity coatings and does give some indications on 

what properties are best to have in the coating’s pigment particles. These limitations in current 

literature provide meaningful research opportunities for investigators. The attractiveness of 

studying low emissivity coatings is furthered by their possible non-military applications, such as 

for increasing the insulation properties of clothing and architectural fabrics. Thus, low emissivity 

coatings on textiles was chosen for study with the goal of increasing the understanding of the 

influence of key coating parameters on emissivity, furthering understanding on emissivity testing 

setups, and assessing the coatings potential uses outside of camouflage. 
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II. Literature Review 

A. Brief History of Camouflage 

Camouflage has played a key role in the life of both humans and animals since ancient 

times. Traditional camouflage focuses primarily on achieving visual crypsis and mimicry 

through the use of color and pattern. Through the proper combination of coloring and patterns, 

camouflage enables an object to effectively blend into its surroundings. Historically, many 

societies have used it for hunting purposes and to a limited extent in military applications. With 

the creation of fire arms, military units gradually transitioned to issuing more naturally colored 

uniforms. Yet, this transition was relatively slow and most uniforms were still brightly colored 

before the end of the 19th century [4]. Yet, as accuracy of firearms continuously increased, so did 

the value of less conspicuous uniforms. In the early 1900’s, the British and French militaries 

began using uniforms which featured more natural colors and helped make troops less 

conspicuous [4], [5]. At the same time, field equipment and vehicles also began to be 

camouflaged through the use of more natural looking colored fabrics and paints and color 

splotches [5]. Later, the development of radar and sonar occurred, which further spurred 

camouflage advancements to prevent detection of vehicles from new technologies. 

Fast forward to the 1960’s and the beginning of research and development begins for 

both infrared based military equipment and camouflage [6]. This period saw limited success, but 

starting in the 1970’s militaries began to be more commonly equipped with infrared gear [6]. In 

that decade, infrared guidance missiles along with imagers and forward looking systems became 

available [6]. The result being increased lethality and detection capabilities causing more urgent 

research to occur on infrared camouflage, which first saw practical developments in the 1980’s 

[6]. Since then advancements have continued in targeting/homing, imaging, and camouflage 

technologies. Thermal infrared imagers have advanced so far that the once really large, highly 

expensive devices that required active cooling have recently begun being offered to the 

consumer market in highly compact forms. They now can even be found as an attachment for 

smart phones, such as the MSRP $250 FLIR One thermal imager that was used to take some 

images used in this literature review. A picture of this imager beside a measuring tape to assist in 

assessing size can be seen in Figure 1. In regards to fabric coverings, they now must compete 

with both ground level and airplane mounted thermal imagers, image enhancers, and night vision 
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googles. Many military tent suppliers, such as Outdoor Ventures have already implemented 

blackout coatings into some of their tents, which significantly mitigate detection risks by SWIR 

and NIR imagers, such as night vision [7].  However, risks from thermal imagers has been 

limitedly addressed and still has room for improvement in many products. It appears that in 

regards to military fabrics only ultra lightweight camouflage netting systems (ULCANS) offer 

meaningful thermal camouflage capabilities. In fact, some types of tents likely derive the 

majority of their thermal camouflage properties from ULCANS, which are sometimes placed 

overtop of them [1]. The ULCANS help provide multispectral camouflage through disguising the 

shape of tents and other military equipment while providing an outer surface that appears more 

natural to sensors [2]. 

B. Types of Camouflage and Camouflage Spectrums 

 As mentioned in the history of camouflage discussed above, military use of camouflage 

has advanced to help counter both visible and non-visible spectrum detection risks. Overall, 

camouflage is still mainly associated with its use in the visible spectrum. This form of 

camouflage can easily be seen by animals achieving visual crypsis to avoid predators or to 

surprise prey and in its use in hunting and military clothing. Camouflage in this region depends 

on a surface’s ability to match the gloss, color, and texture of its surroundings [8]. Visible 

camouflage works in the visible spectrum, which makes up the wavelengths of about 0.38 to 0.75 

µm [9]-[11]. Within this spectrum, humans typically are only able to see the wavelengths of 

0.39-0.7 µm. This form of camouflage continues to be a vital part of avoiding detection, but 

military designs now require multispectral camouflage to stay hidden from modern sensors.  

Infrared radiation is a form of electromagnet radiation, which falls between visible light 

and microwaves in the electromagnetic spectrum. Figure 2 shows the wavebands of various 

Figure 1: A FLIR One Thermal Imager. 
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forms of electromagnetic radiation [12]. Table 1, provides an overview of the various regions of 

infrared radiation relevant to camouflage. 

 

Table 1: Infrared Wavebands and their Common Applications. 

Waveband Wavelength  Applications 

Near Infrared (NIR) 0.75-1.4 µm Image Intensifiers, Night 

Vision 

Short Wavelength (SWIR) 1.4-3 µm Night Vision 

Mid Wavelength (MWIR) 3-8 µm Most Homing Missiles 

Long Wavelength (LWIR) 8-14 µm Thermal Imagers, Some 

Homing Missiles 

 

It should be noted that the exact boundaries of each band are not exact and vary by a 

small degree depending on the source. The ones above represent generally accepted band lengths 

for each classification. As Figure 2 shows the NIR and SWIR are sometimes referred to as the 

reflective band or as reflected solar infrared, whereas the MWIR and LWIR are sometimes 

referred to as emitted infrared [12]. These names are derived by the bands characteristics in 

relation to sensors. The reflective band’s name references the fact that sensors operating within 

the waveband typically rely on reflected energy from the sun to make measurements, which 

causes them to normally only be used during the day. Night vision goggles being somewhat of an 

exception to that generality. Camouflage designed for the reflective band typically is designed to 

suppress detection from image intensifiers and both passive and active night vision goggles. The 

image intensifier function by intensifying light to create visibility in low light conditions. Night 

vision googles function primarily by converting NIR or SWIR to a visible image and can be 

either passive or active sensors. The active variety emits IR into the environment and then 

Figure 2: The electromagnetic radiation wavelengths that are most relevant to camouflage. 

 



 

6 

 

utilizes the IR reflected back at it to produce images, which allows it to operate at any time of 

day without difficulty. It should be noted that thermal imagers are sometimes referred to as night 

vision in some online sources. For the purpose of this discussion and to potentially avoid any 

potential confusion with the NIR and SWIR devices, it was decided to refer to all thermal 

imagers operating in the MWIR and LWIR as thermal imagers and to not call them night vision. 

Since the focus of this work primarily lies in thermal infrared, the other regions of IR and their 

key design aspects will not be discussed in further detail. However, it is essential to realize that 

the adjustments made to produce thermal camouflage ideally should not negatively affect 

capabilities for signature management in the other spectrums. 

For thermal camouflage, key wavelengths are typically considered to be the MWIR and 

LWIR bands or more precisely the 3-5 µm and 8-14 µm portions of those bands [4], [13]-[16]. 

These two bands are sometimes jointly referred to as the thermal band. The usefulness of these 

bands is derived primarily from the atmosphere being sufficiently transparent within them to 

allow for long range surveillance and target acquisition based on a target’s heat radiation [4], 

[13]-[15]. Radiation in the 5-8 µm waveband is largely absorbed by the atmosphere, which 

eliminates its usefulness in detection [13], [14]. The 3-5 µm wavebands in MWIR typically is 

utilized by homing missiles for homing purposes, but more advanced missiles also have the 

ability to track in portions of the LWIR band [9]. For actual thermal imaging purposes, the 8-14 

µm band proves to be the most useful [9], [15]. The different portions of the bands these sensors 

utilize are primarily based on the target and its likely temperature. This is due to a target’s 

waveband of maximum emittance being dependent on its temperature as described by Wien’s 

Displacement Law. This law and its relevance to this matter is discussed more in the following 

section. Figure 3, from “Practical Applications of Infrared Thermal Sensing and Imaging 

Equipment,” shows an example of an image produced by a thermal image [9]. In the image, 

white represents higher temperatures and black represents colder temperatures, which is a 

common convention in black and white thermal images. Thermal imagers can also be set to show 

images where temperature is represented by colors. For military fabrics designed for thermal 
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camouflage purposes, the focus should primarily be on managing its LWIR signature to enable 

blending in with its surroundings.  

C. Thermal Infrared Radiation 

 When seeking to understand thermal camouflage and low emissivity coatings it is 

essential to understand the basic science that drives radiation, emissivity, and the signatures 

produced by objects. Most fundamentally energy is always conserved. In regards to light energy 

or electromagnetic radiation, it is always either reflected (R), absorbed (A), or transmitted (T) 

according to the principles of the law of energy conservation, which is represented below: 

1=R+A+T [9], [17], [18] 

In this instance, all of the components of the equation represent fractions of the total energy of 

the electromagnetic radiation. This fundamental law reveals some of the most basic principles 

that relate to designing a material in regards to its thermal radiation properties. For example, it 

shows that increasing a material’s reflectance will result in a decrease in its level of absorbance 

and/or transmission. For an opaque object there will be zero transmittance and thus the equation 

can be rewrote as: 

1=R+A or 1-R=A [18] 

 In regards to thermal emission, an object is often described by its emissivity (ε). 

Emissivity describes the amount of radiation emitted by an object compared to the amount 

emitted by a blackbody at a specific temperature [15], [19], [20]. An ideal blackbody is an object 

that absorbs all radiation at every wavelength and consequentially has the highest possible 

emissivity, ε=1 [19]. Since blackbodies must absorb all radiation in order to have the highest 

Figure 3: An example of a thermal image [9]. 
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possible emittance, they have zero reflectance, R=0 and zero transmittance, T=0. Thus, a 

blackbody has the highest possible radiation properties and can be considered the upper limit of 

thermal emissivity for a surface [17]. Kirchhoff’s law provides a useful thermodynamic 

relationship between emissivity and absorbance, which is that emissivity equals absorbance 

when a system is at thermodynamic equilibrium [17], [21]. Based on this relationship the 

previously mentioned equations can be rewritten as shown below.  

For non-opaque materials:    1=R+ε+T 

For opaque materials:    1=R+ ε or 1-R= ε 

These equations show that a material’s emissivity is directly related to its reflectance or 

according to Kirchhoff’s Law one minus reflectance will equal emissivity for opaque materials 

[20]. The practical implications for thermal camouflage designers are that in order to create a 

design with a desirably low emissivity they must incorporate reflective materials. Metals are 

obviously one of the best known reflective materials and unsurprisingly play a key role in many 

products that focus on controlling thermal infrared radiation. This also means that a material’s 

viability as a low emitter also lies in what influences reflectance. Metals are reflective due to 

containing free electrons and thus a large density of charge carriers.  

In order to understand why free electrons lead to reflectivity, its useful to have a basic 

understanding of what happens when a material is hit by electromagnetic radiation. These 

explanations are simplified, but should be sufficient for the purposes of this paper. When 

electromagnetic radiation hits an object it will be reflected, absorbed, or transmitted. For a 

transparent object the resonant frequency of the vibration of its molecules will not match the 

incoming radiation’s electromagnetic field. The object’s molecules will then polarize and 

oscillate in accordance to the radiation field that is hitting the object, but they will not be able to 

easily retain the energy due to its incompatible resonant frequency. Consequentially, the 

molecules then reemit the electromagnetic radiation and the field propagates through the 

material, which causes electromagnetic radiation to be transferred through the object and out of 

its other side. In these materials, there is generally an amorphous structure or the material is 

extremely thin. In opaque objects, the resonant frequency of the material’s structural units are 

similar enough to the frequency of the incoming radiation’s electromagnetic fields that it leads to 

the absorption and retention of photons or to the capture of some of the photon’s energy. This 

results in a decaying electromagnetic field going through the object, which given sufficient 
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material thickness will lead to the field ultimately failing to propagate through the material. This 

results in absorption, the production of heat, and to the object’s own emission of electromagnetic 

radiation. Logically, there are some materials that contain structures that meet the frequency of 

some portions of radiation, but not others. This results in materials being selectively 

absorbent/transparent, which can be useful in designs. A good example of a selectively 

transparent material would be a plastic bag. Figure 4 shows how a bag placed over a foot is 

essentially transparent in the thermal infrared and thus shows the heat signature of the foot 

underneath it. However, in the visible spectrum it is not transparent and hides the foot. The 

camera used to take this photo was the second generation FLIR One thermal imager for Android 

phones. 

There are also some materials, such as metals that contain relatively free electrons, which 

can essentially resonate at any frequency. When electromagnetic radiation fields hit these 

materials, the free electrons react to the incoming radiation and begin to oscillate at the 

frequency of the incident electromagnetic radiation, but with a phase difference of 180 degrees. 

This results in a cancellation effect of the fields, which prevents any notable electromagnetic 

radiation from propagating inward and causes the incident radiation to be reflected away from 

the surface. Thus, a metal’s ability to reflect is highly dependent on the degree to which its 

electrons are able to move or the charge carrier density of the material. The ability of a metal to 

conduct both heat and electricity directly relates to how freely its electrons can move based on 

Wiedemann-Franz law. The following equation from Patent US3718528 A, provides one 

approximation of the relationship between conductivity and reflectivity for metals [22]. 

𝐾𝑟 = 1 − 𝐾
𝜇

𝜎𝜆
 [22] 

Figure 4: Effects of foot being covered by a bag in 

the thermal infrared and in the visible. 
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In the equation Kr is the reflection ability of a material, K is a constant, µ is permeability, σ is 

conductivity in iΩm, and λ is wavelength [22]. The following equation also illustrates the 

importance of conductivity by showing its role in the approximation for the reflectivity of metals 

in LWIR [23]. 

𝑅 ≈ 100 − 3.65
𝜌0.5

𝜆0.5 [23] 

Where ρ is resistivity in µΩ/m and λ is wavelength in µm [23]. The equations show that for 

metals a higher conductive (lower resistance) results in a larger reflectivity and thus a lower 

emissivity. To further illustrate this there is Hagens-Ruben equation: 

𝑅 = 1 − 4√
𝑣

𝜀0
𝜎 [24], [25] 

In the equation, ν is the light frequency, σ is conductivity, and ϵ0 is vacuum permittivity (8.85 x 

10-12 F/m) [24]. All of these equations illustrate that high conductivity in metals encourages high 

reflectivity. Thus, it can reasonably be assumed that many materials useful in thermal infrared 

signature management will likely have high conductivity attributes.  

 In order to determine precisely the emitted energy of a material other variables, such as 

temperature must be factored in. For a blackbody, Planck’s Law can be utilized to calculate an 

object’s emitted electromagnetic energy, which is shown below in terms of frequency and 

absolute temperature. [19], [26], [27].  

  [26], [27]  

In this equation, the variables mean the following, h=Planck’s constant (6.626 x 10-34 J s), 

c=velocity of light (2.998 X l08 m s-1), and k=Boltzmann constant (1.38 X 10-23 J K-1) [27]. I (v, 

T) is also sometimes written as Bv(v, T). The equation can also be written in regards to 

wavelength (λ) as shown below. 

 

The SI units for I(v, T) and Bλ(λ, T) are W sr-1 m−2 Hz−1 and W sr−1 m−3, respectively.  
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These equations show that temperature directly impacts emitted radiation and can be used 

to assess the emitted electromagnetic energy at a particular frequency. The relationship being 

that higher temperatures result in higher emitted energy and that an object at a lower temperature 

will emit lower amounts of energy. Thus, it is clear that temperature management is an important 

aspect in keeping an object’s emitted energy at comparable levels to its surroundings.  

A very clear illustration of the critical role of temperature on emissivity is shown by 

Stefan–Boltzmann law, which is also sometimes referred to as Stefan's law. Stefan–Boltzmann 

law is used to describe the total emitted energy of a blackbody across all wavelength and is 

derived from Planck’s law. This law is shown below. 

M (T) = σT4 [17], [28] 

In this equation, M represents the total radiance/power, σ represents the Stefan-Boltzmann 

constant, which equals 5.6693 x 10-8 W m-2 K-4, and T represents temperature in Kelvins [17], 

[28].  

However, while blackbodies offer a relatively simple understanding of emitted radiation, 

most objects cannot be treated as one. In the natural world, there are no truly perfect blackbodies, 

despite some objects, such as black holes, being nearly perfect blackbodies. Thus, most objects 

are actually gray bodies, which means their ε<1 and that they are opaque [17]-[19]. An ideal gray 

body has the same level of emissivity at all wavelengths, but that is rarely the case as most 

materials to at least some degree selectively radiate [28]. For the remaining objects, they are 

what is called a non-graybody. Non-graybodies are objects described as having an emissivity that 

varies with wavelength [9]. Non-graybodies typically experience all three elements that make up 

radiosity, i.e. they reflect, transmit, and emit [9]. A common example of a non-graybody would 

be thin plastics and certain polymers. An example of a non-graybody would be the plastic bag 

shown in Figure 4 earlier on in this section. Non-greybodies are potentially important in thermal 

camouflage designs due to their transmitting properties. For instance, they are potentially useful 

as binders or substrates in low emissivity coatings [20]. Many non-greybodies have emissivities 

that only slightly vary by wavelength and thus can be treated as greybodies for simplification and 

approximation purposes, which has given rise to the term greybody approximations. For this 

reason, many materials with minor variations in emissivity at different wavelengths tend to get 

referred to as greybodies, despite this technically being a misnomer. Whereas, non-greybodies is 

often used to describe materials with significant selective characteristics. Most materials are 
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approximately greybodies and thus are often described in literature as having a constant 

emissivity for simplification purposes, despite their emissivities tending to vary at least slightly 

by wavelength and temperature [17], [20]. Based on this understanding emissivity can 

mathematically be described as the following: 

[20] 

In this equation Ls represents a sample’s radiance and LBB represents a blackbody’s radiance. 

Figure 5, from “Practical Applications of Infrared Thermal Sensing and Imaging Equipment” 

shows how the emittance might vary between the three types of materials [9]. 

 
 

The previously discussed Stefan–Boltzmann law can also be presented with ε added to 

the equation. This makes it more relevant to natural materials and more useful for looking at 

greybodies. This version of the equation illustrates the importance of a material’s emissivity and 

temperature in determining its emitted energy. The equation is shown below. 

M (T) = εσT4 [13], [15], [18], [28] 

Another useful equation to use along with Stefan-Boltzmann law is Wien’s Displacement 

Law, which is shown below. 

 [9] 

This equation usefully shows what the wavelength of maximum radiation is for a blackbody. In 

this equation b represents Wien’s displacement constant and T is temperature in Kelvin. The 

Figure 5: A comparison of the emittance of the three classifications of materials [9]. 
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displacement constant equals 2897 μm K [9]. The utility of this equation is its ability to predict 

the wavelength of maximum emittance of an object at a given temperature for a high emissivity 

material. Figure 6, from “Practical Applications of Infrared Thermal Sensing and Imaging 

Equipment,” shows how the wavelength of maximum radiation shifts based on the temperature 

of the surface [9]. The significance of this equation being that an engineer can mathematically 

determine what their intended target’s most strongly emitted wavelength should be assuming the 

material does not have highly selective radiative properties and that they know what its 

temperature will likely be. From this information, a more appropriate sensor can be selected or 

designed to maximize detection capabilities at the wavelengths the target will predominantly 

emit [9]. This simply means that engineers have a method for determining the best instrument to 

use for a given detection task [9]. This is also likely the reason why homing missiles function 

predominately in the MWIR instead of the LWIR of thermal imagers. The reason being the 

Figure 6: The maximum emitted 

wavelengths of blackbodies [9]. 
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target’s homing missiles are likely to be used on are vehicles, such as planes with very hot 

exhausts. The extremely hot exhaust causing the target to have a peak wavelength that is shorter 

than the typically cooler temperature targets that thermal imagers are used to examine. 

While there are other equations related to infrared radiation these equations provide some 

of the fundamental insights into the science of radiation and its implication on what is needed to 

create thermal camouflage. One of the key aspects Stefan–Boltzmann law demonstrates is the 

critical role that temperature has in the total emitted energy of an object. By temperature being at 

a power of four, it illustrates clearly that temperature is a large driving force in how much energy 

is emitted from a surface. For the thermal camouflage designer, this leads to two obvious 

takeaways. First, it illustrates that effective temperature management is crucial for reducing an 

object’s infrared signature. It also shows that incorporating low emissivity materials into designs 

can play a crucial role in hiding hot objects in cooler environments. Relatedly, this reveals the 

limitations of thermal imagers and what detection portrays. The implications being that thermal 

imagers cannot accurately tell a temperature unless they know the object’s emissivity [19]. In 

typical use an imager will not know its target’s emissivity and therefor there is not a precise 

temperature reading. Thus, thermal imaging for detection purposes rely on being able to detect 

noticeable differences in emitted energy rather than just simply temperature differences when 

distinguishing objects [19]. 

While thinking of an object’s emittance in terms of Stefan–Boltzmann law, it is also 

useful to factor in reflected radiation. Thus, the equation for radiosity can be useful. Radiosity is 

essentially an object’s radiant energy and is often discussed in terms of energy per unit area. For 

an opaque surface this could be represented as the following: 

 

Where Je is the radiosity and Ee is the irradiance or incident radiation. This equation is 

noticeably similar to Stefan–Boltzmann law, but usefully adds in irradiance into the amount of 

energy coming off a surface. The one minus emissivity being present to factor in the amount 

irradiance being reflected back off by the object. What this equation represents is shown in 

Figure 7. Thinking about the radiation leaving a surface in terms of radiosity is useful because it 

helps insure that a designer takes into account how reflected radiation may affect an object’s 

appearance in an imager.  
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Since the radiation detected by an imager is a combination of reflected and emitted, the 

type of reflection a surface creates is important. Reflection is often categorized as being either 

specular or diffuse. In specular reflection, any incoming oriented radiation is reflected by a 

surface back in predominately one direction. This could also be described as having all the 

radiation hitting the surface at one angle reflected back at essentially one other angle. This type 

of reflection is clearly illustrated by mirrors. In diffuse reflection, any incoming radiation is 

reflected by a surface at many random angles causing a scattering effect. These two types of 

reflection are illustrated in Figure 8. Perfect diffuse reflection would result in incident radiation 

being reflected equally at every angle above the surface. Ideal diffuse reflection is shown in 

Figure 9.  

For a surface to have specular reflection it must be fairly flat. However, surface 

roughness is not as critical in determining if a surface has diffuse reflection. Surface roughness 

does prevent ideal specular reflection and does lead to some diffuse reflection, but smooth, flat 

surfaces can also demonstrate diffuse reflection. This is due to diffuse reflection being more 

Figure 7: The Radiosity of an object hit by incident radiation. 

Figure 8: Diffuse and Specular Reflectance. 
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closely linked to how electromagnetic waves behave once they come in contact with a surface. 

Most materials have structures that allow for radiation to enter them to at least some degree and 

most materials also have scattering centers due to having semi-crystalline or crystalline 

structures. When a crystalline structure is present, the electromagnetic radiation upon entering a 

material will be refracted to some degree by each individual crystal, which often leads to it 

hitting another portion of the material’s crystalline structure and being refracted again at another 

angle. This keeps occuring until the radiation finally is redirected back out of the object at a 

fairly random angle. Some absorption may also occur during this process. Thus, crystalline 

structures largely contribute to the degree of diffuse reflection that occurs in a material. For those 

familiar with polymers this should be fairly logicial. Highly transparent polymers generally have 

amourphous structures, but opague polymers have at least semicrystalline structures. Of course 

there are other factors that play a role in deciding whether an object/coating manages to reflect 

radiation or allows it to be transmitted, such as an object’s thickness, extinction coefficeints, and 

the wavelength of the electromagnetic radiation hitting the surface. The extra complexity can be 

illsutrated by the ability of extemely thin metals, such as those used in glass coatings being 

transmissive to visible, but reflective to thermal radiation. Whereas metals at more common 

thicknesses would typically reflect both. Thus, the key takeaway from this discussion is the 

understanding that specular and diffuse reflection have various implications on the design of low 

emissivty coatings. Their importance being largely assured by the type of reflection partially 

dictating the amount of thermal radiation a surface shows an imager. 

Overall, there are several takeaways from this entire section. The first take away being 

that an object’s emissivity and temperature are the driving forces of its radiance. This concept is 

Figure 9: Ideal Diffuse Reflection. 
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clearly illustrated by the graph below, which was taken directly from “Development of low-

emissive camouflage paint: Final Report [20].” 

 

As the graph in Figure 10 clearly shows, changing a material’s emissivity can allow a 

hotter object’s (in this case 50°C) radiance to be reduced substantially so that it is at similar 

levels to a cooler object’s (in this case 30°C). Of course, this graph also illustrates that designs 

that allow for cooler surface temperatures will result in lower radiances. The effects can also be 

seen in a thermal image of a heated piece of metal that has half of its surface painted with a high 

emissivity black paint as seen in Figure 11, taken from a Fluke Corporation application note on 

thermal imagers [29]. In the figure, it can clearly be seen that the high emissivity black side 

Figure 10: Illustration of the effect of emissivity and temperature on radiance [20]. 

Figure 11: A heated piece of metal with one side painted black observed visually and through 

a thermal camera [29]. 
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appears much hotter than the low emissivity metal side, despite both sides being the same 

temperature. This section also covered other key material property relationships, such as that low 

absorbance levels and high reflectivity in opaque objects results in low emissivity, higher 

conductivity in metals is an indication of low emissivity, that objects can be selectively 

transparent/absorbent based on their molecular structures, and that there are various types of 

reflection. There were also two conclusions reached on thermal imagers. First, thermal imagers 

work based on radiation detected and thus do not directly measure temperature. Consequentially, 

their usefulness in detection purposes is based on contrasting amounts of radiation. The second 

takeaway on thermal imagers being that they produce their images based on the total radiation 

they receive from objects, which is the sum of emitted radiation and the reflected incident 

radiation. Thus, along with their design’s emittance, designers should factor in whether or not 

their designs will reflect unusual types of radiation towards a sensor.   

D. Approaches for Creating Thermal Camouflage 

i. Introduction  

The overall goal of thermal infrared camouflage is to achieve thermal emissions that do 

not significantly contrast that of the natural surrounding environment while retaining acceptable 

operational and non-thermal stealth characteristics. In order to effectively hide objects, it is often 

necessary to also disrupt their shape. The need for this can be illustrated by the following 

example. In a desert, there is little vegetation and few sudden rises in elevation. If a tank is 

parked in the middle of a flat stretch of desert and has similar emission as its surroundings, then 

when viewed by a ground level thermal imager there will still be the presence of a suspicious 

tank like outline against the horizon. This outline results in the tank’s presence being easily 

detectable. In this situation, shape disruption is essential for avoiding detection. When designing 

thermal camouflage, there are two main passive approaches and then a less practical active 

approach. Most designs attempt to passively enable thermal camouflage by attempting to 

encourage similar external surface temperatures to an object’s surroundings or by modifying the 

outer surface’s emissivity to compensate for temperature differences [30]. 

Approaches aimed at regulating surface temperature generally incorporate cooling 

mechanisms, insulation, or other mechanisms to reduce the object’s outer surface temperature in 

an attempt to keep the surface’s temperature close to the surrounding’s temperatures. Cooling 
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mechanism sometimes involve using phase change materials to absorb heat, but the long-term 

effectiveness and practicality of these method is questionable. A review of patents will quickly 

show that insulation plays a role in a variety of military camouflage designs. Insulation can prove 

to be useful to some degree, but often it is only partially the solution. In general, a design relying 

solely on insulation likely will have practicality issues. For instance, it would likely add 

impractical weight and/or result in excessive bulkiness. Logically, insulation already plays a role 

in some designs, such as tents. Similarly, with netting systems there is an air gap between the net 

and the objects beneath it, which allows for an air gap to serve an insulative function. With tents 

it is likely more practical to make minor alterations to their design to improve insulation than to 

take a tank and heavily insulate it. Extra insulation in a design can also lead to the contents 

underneath the insulation reaching unsafe temperatures. Overall, improving the insulation 

properties of a material could help a design’s functionality to some degree as long as design 

changes don’t result in notable added bulkiness and weight. Insulation by itself is likely not a 

sufficient tool to allow for full thermal signature management in many designs and a designer 

must insure that any changes made to improve insulation are practical. Other designs approach 

reducing external surface temperatures through the use of coatings designed to help reflect heat 

away from the camouflage layer. 

For a tent or a netting system a large portion of its heating will come from internal heat 

sources and the heat they radiate. Thus, it could be useful to incorporate a low emissivity coating 

on the inner surface of the fabric to allow internal radiation to be reflected back inwards. 

Alternatively, designs may focus on putting low emissivity coatings on a fabric’s outer surface to 

help disguise that the fabric may be hotter than its surroundings. In either case low emissivity 

coatings are essential to designs. Thus, most research focuses on these coatings. This is 

especially true for research looking at camouflaging objects without having a separate tent layer 

placed on top of them. Making these coatings requires the use of low emissivity materials, which 

are generally a metal, or certain types of semiconductors [31], [32]. The contents of these 

coatings are important. Coating composition and the relevant literature will be discussed in more 

detail in a later section. In designs featuring low emissivity coatings, there can also be the 

utilization of insulation and the promotion of safe methods of heat release in order to further help 

align the fabric’s emissions with its surroundings. Thus, insulation and ventilation friendly 

designs are often seen as elements in camouflage patents in addition to low emissivity surfaces. 



 

20 

 

It is also important that the coatings contain a binder that does not significantly work against the 

low emissivity components [33].  

 In general thermal camouflage approaches can be summarized as following into three 

categories actively adapting, low emissivity outer coatings, and temperature regulation based 

designs. Logically, some designs also incorporate elements of each approach. For fabrics, 

passive designs most predominately feature low emissivity coatings that work to regulate 

temperature or work to lower the outer surface emissivity. In non-textile military equipment, low 

emissivity outer coatings tend to be the most common method. Outer surface low emissivity 

coatings can be fairly complex as special measures have to be taken to insure the coating does 

not compromise camouflage in other wavelengths. However, the more conceptual active 

camouflage system also has been the subject of academic and industry research and will be 

covered first. 

ii. Adaptive Camouflage 

Camouflage designs that can be seen in current military operations are largely passive 

and thus they will be the main area of focus when discussing thermal camouflage. Yet, there are 

some active approaches found in literature and thus active camouflage does warrant a brief 

discussion. Active approaches come in the form of adaptive camouflage, which is commonly 

seen and associated with its appearances in many science fiction works, such as Ghost in the 

Shell. Despite the association with science fiction, there is very real research, investments, and 

companies working on this approach.  

Adaptive camouflage allows for stealth by precisely adapting a surface’s emissions to 

match the environments or by mimicking an unsuspicious object’s properties in real time. As 

would be expected, in practice this is very difficult and requires the ability to accurately detect 

and monitor environmental conditions, rapidly cool and heat, alter emissivity, and/or change 

color to be successful as a full multispectral camouflage. Some papers have been written on the 

matter and some companies, such as BAE Systems have even produce prototypes for vehicles. 

Adaptive designs are also found in patents, such as US 6338292 B1 [34]. Companies, such as 

SZZ Camouflage Technologies have been actively researching adaptive camouflage and have 

filed patents in this area. An image of BAE System’s Adaptiv prototype can be seen in Figure 12 

below, which was taken from BAE System’s website [35]. Please note that this image is no 

longer viewable on their website, but it can still be seen through archived versions of the 
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webpage. 

  

Figure 12: Adaptiv camouflage demonstration [35]. 

As the image shows the technology enables both mimicry, such as imitating a car and 

crypsis as it blends into the background. This technology debuted in 2011 and made lots of 

media buzz, but has largely been stagnant in terms of information releases. The prototypes and 

similar ones are certainly interesting and it may be possible that one day research and 

technological advancements could make them cost effective, durable, practical, and energy 

efficient enough for real world military use in at least some spectrums. However, from reviewing 

literature and news articles, adaptive technology does not currently have a notable presence on 

the battlefield or offer a logistically viable camouflage option. Thus, for the moment its military 

use appears to remain the subject of prototypes, research, and science fiction. For practical 

reasons, it is recommended to focus on other approaches to thermal camouflage that are more 

align with current capabilities. These approaches mainly deal with low emissivity coatings in 

addition to utilizing substrate structures that allow for beneficial heat transfer.  

iii. Temperature Regulation Approach 

Generally speaking, objects being camouflaged and sheltered by tents and netting 

systems tend to be hotter than their surrounding environment. Consequentially, the outer surface 

of a fabric covering tends to become hotter than its surroundings and to emit suspiciously large 

amounts of radiation. This is not always the case, but it is useful to think along these lines for the 

next portion of discussion. For example, deserts typically get relatively cold at night and a fabric 

covering is likely to be used to shelter and/or hide military personnel or equipment that has been 

running during the day. The occupants underneath the fabric provide an internal heat source that 
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can cause the covering’s outer fabric to reach a temperature that is higher than the outside 

environment. Thus, the fabric covering’s design will have to account for this extra heat and 

higher temperature. A designer in this case can either try and prevent the external surface from 

getting too warm or work to reduce the outer surface’s emissivity as a means to overcome the 

unwanted heat. In many cases, attempts at limiting the spread of internal heat are taken in 

addition to utilizing a low emissivity outer coating. 

The temperature regulation approach works by keeping the outer surface’s temperature at 

a similar level as the surroundings, while having an outer surface with an emissivity similar to 

the surroundings. Controlling heat flow is paramount in these designs in order to prevent the 

appearance of hot spots or unnatural temperatures [36]. Thermal regulation could be achieved 

through artificial cooling or heating of the outer fabric, but this is likely impractical in most 

scenarios. Thus, for practical reasons it is likely a better approach to focus on improving the 

design’s insulation while also working to take advantage of natural cooling mechanisms and 

limiting typical modes of heat transfer. 

There are various possible cooling mechanisms for a fabric covering, but they each face 

limitations. For fabric coverings, an appropriate way to release the heat could be through 

convective heating of the air and allowing for ventilation [36]. The usefulness of ventilation is 

highlighted by the holey nature of ULCANS designs featured in patent literature. The heated air 

is acceptable for heat release due to it not releasing infrared that imagers would register, but the 

hot air must not indirectly heat other surfaces to suspicious levels during its release [36]. Having 

good ventilation obviously will not solve all temperature issues in a fabric covering, but it can be 

a useful tool in helping to meet overall temperature and thermal signature management goals.  

As previously mention insulation techniques can also be important. Yet, the requirement 

to stay in line with military specifications and to meet the operational needs likely limit the 

amount of structural and component changes possible on many textile coverings. If the currently 

utilized fibers could be replaced with a fiber that allows for better insulation that could prove 

useful. For instance, if the polyester fibers in a tent could be replaced with a hollow polyester 

fiber that meets mechanical requirements, then the outer surface temperature should be 

somewhat lower simply due to there being a greater level of thermal resistance in the fabric. An 

insulation coating featuring microparticles of a ceramic or hollow glass could be used on an 

inner surface to help prevent heat transfer, but it likely would have negative impacts on the 
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fabric’s mechanical properties and weight. It also may not have significant enough effects to 

warrant use and it might prove less effective than an inner reflective coating in reducing heat 

transfer. Insulation in the form of gaps between the outer covering and the object hidden 

underneath are already employed to help the functionality of many military fabrics used for 

thermal camouflage.  

Any method that can improve thermal regulation while being applicable to current fabrics 

would likely be of high interest. An internal thermally reflective coating may fit that description. 

By applying a thermally reflective coating on the innermost surface, heating of the fabric 

covering can be reduced due to limiting the absorption of thermal radiation from internal 

sources. The coating’s reflectivity would allow for internal thermal radiation to be reflected back 

inwards and thus works to prevent unwanted heat absorbed. This idea can be described as 

thermal signature blocking and is a known concept for reducing a tent’s thermal signature and is 

found in various patents [2]. US 4308882 utilizes a metallized inner surfaces in an attempt to 

achieve camouflage through thermal regulation [37]. This patent’s design incorporates multiple 

layers of fabric, air gaps for insulation, and a set up that would cause thermal IR to be reflected 

back inwards to help control the outer surfaces temperature while featuring traditional 

camouflage on its outermost surface [37]. Similarly, patent US 5750242 also describes the use of 

an inner low emissivity coating. The design features a breathable membrane that has a low 

emissivity coating on it [13]. When in place it helps reduce the outer surface’s temperature by 

allowing for thermal radiation to be reflected back inwards [13]. It also is clearly specified that 

the design is breathable since breathability helps allow removal of heat through convection. This 

design is intended to be capable of being laminated onto various military textiles to provide 

camouflage [13]. Interestingly, W. L. Gore’s owns several patents that were published later on 

that focus on using low emissivity coatings on outer surfaces while their earlier patent, US 

5750242 focused on the use of low emissivity coatings on inner surfaces [13], [38]-[40]. This 

may be an indication that they found it more effective to have low emissivity coatings on the 

outer surface of a fabric. Some patents for tents that are not focused on camouflage also 

incorporate inner metallic coatings for thermal regulation. In these cases, the low emitting 

surfaces are intended to enhance comfort and improve heat retention. For instance, US 

20140190540 A1 uses an aluminum film layer to help reduce heat loss [41]. With a low enough 

emissivity coating a tent could largely eliminate heating from radiation, which would only leave 
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conduction and convection for transferring heat to the fabric covering. Beneficially, this 

approach can also help keep the inside of a tent comfortably warm in a cold environment. There 

is a potential issue with it allowing unwanted heat buildup during day time hours in hot 

environments, but with proper ventilation this issue could likely be mitigated. Since convection 

with the outside air would provide cooling, this could allow for the outer surface to achieve a 

similar surface temperature with the environment. 

Patents and papers do discuss other fabric based designs for thermal camouflage that are 

intended to work through thermal regulation that do not incorporate any low emissivity coatings, 

but they tend to not be inherently useful for fabric covering designs. They tend to focus on 

cooling mechanisms and the use of insulative materials, such as foams. For instance, some 

papers dealt with the viability of perspiration cooled uniforms for thermal camouflage, but their 

intended mechanisms had mixed end results and did not provide useful insight into thermal 

camouflage for fabric coverings [30], [32], [42]. Patent US 5153045 A also focuses on 

evaporation based cooling in its design for fabric covers [43]. It utilizes layers of fabric 

containing super absorbent polymers to hold in water that can then evaporate when an object gets 

hot to keep the outer surface cool [43]. This approach has some large potential pitfalls in that 

water needs to be applied to it for it to work and it only works when the evaporation occurs. It 

also assumes that evaporation won’t potentially cause the outer surface to become unnaturally 

cool. If applied to a fabric used in a covering application, weight issues due to the water would 

also be a potential concern. Thus, evaporation based camouflage systems seem very unlikely to 

be effective for fabric covering designs. Patent US 4479994, which the US Army allowed to 

lapse provides an example of a design focused on insulation to create thermal camouflage [44]. 

The patent describes a blanket consisting of various layers, where a dielectric foam layer is 

intended to provide enough insulation to allow for thermal camouflage [44]. Cooling could also 

be achieved through the implementation of phase change materials (PCM’s) [32]. PCM’s work 

to regulate temperature by absorbing or releasing heat through phase changes and in camouflage 

applications usually are paraffinic hydrocarbons [32], [45], [46]. The viability of using PCM’s 

may be limited due to cost of implementation and potential limitations in their heat storage 

capacity, lifespan, and time length of effectiveness [32]. Thus, it seems likely that they cannot 

fully meet the needs of regulating surface temperature. There are doubtlessly more papers and 

patents that describe methods that do not involve utilizing low emissivity coatings to create 
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thermal camouflage with textile structures, but from reviewing literature and patents it is clear 

that low emissivity coatings hold the majority of the interest of both researchers and businesses 

that focus on creating fabrics for use in thermal camouflage. This will become even more 

apparent after the next section dealing with outer low emissivity coatings.  

Overall, the low emissivity inner surface approach combined with conservative additions 

to a fabric construction’s insulation and ventilation properties could hold promise. Thermal 

regulation designs intended to utilize phase change materials, heavy insulation, and water based 

cooling on the other hand each appear to have practicality and effectiveness issues. In general, 

any design that utilizes temperature regulation would require the fabric’s outer surface emissivity 

to be similar enough to its surroundings that its radiation appears natural at temperatures near 

those of the environment. If the emissivity is too different, then it will not matter if the surface 

temperature matches its environment as the amount of radiation emitted will end up looking out 

of place. Thus, this approach may require a designer to also make some alterations to the outer 

surface emissivity as well. Thus designers working on the visual and NIR camouflage of a 

multispectral camouflaged fabric must be careful in their selection of pigments to insure their 

emissivity does not negatively affect thermal camouflage capabilities. It may prove difficult to 

perfectly align the outer surface’s temperature with that of its surroundings. Consequentially, 

some elements of the thermal regulation approach are often partially incorporated in designs 

focusing on lowering external surface emissivity. 

iv. Low Emissivity Surface Approach 

The previously discussed design elements focused on temperature regulations, whereas 

this section focuses on designs that aim to handle higher heat and temperature issues by altering 

the outer surface’s emissivity.  Lowering the emissivity of the outer surface appears to be the 

most commonly discussed method in literature and it is a relatively easy approach to understand. 

The approach is simply to account for any temperature difference between the object and the 

environment by altering the surface emissivity to a level that will account for the difference in 

radiate energy. However, it does contain some potential pitfalls. For instance, surfaces with low 

emissivity typically are also reflective in the visual and NIR spectrums, which can compromise 

camouflage capabilities in non-thermal regions [20]. For some military applications, lower levels 

of visual camouflage may be deemed acceptable.  For instance, it may be an acceptable sacrifice 

in designs for vehicles where the primary concern is to prevent successful targeting of homing 
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missiles. There is also the concern that lower emissivity and thus highly reflective outer surface 

designs might lead to suspicious solar radiation during the day or suspiciously cold radiation 

from space at night being reflected to an imager [20]. This issue was briefly alluded to in the 

section discussing types of reflection in the Thermal Infrared Radiation section. Smooth surfaces 

that allow for specular reflection are primarily those at risk for this cause of detection due to 

them reflecting incident radiation at essentially one angle relative to the incoming radiations 

incident angle. This issue is demonstrated by standing in front of a mirror while looking at the 

surface with a thermal imager. The imager will register a hot signature in the shape of a human 

outline on the mirror surface as shown in Figure 13. If a similar scenario was to occur in front of 

a smooth metal sheet, then a similar occurrence would happen. For some individuals, it may be 

unapparent that this occurrence is not isolated to objects, such as mirrors that are highly 

reflective in the visible spectrum. Thus, the image shown in Figure 14 may be useful. Figure 14 

shows both the thermal and visible image of a double pane glass window that has a low 

Figure 13: Thermal image compared to visible 

image when looking at a mirror. 

Figure 14: Thermal image and visible image of a window. 
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emissivity coating on it. In the figure, the thermal image clearly shows that the glass is reflecting 

the heat signature of the person holding IR camera, but the glass is still highly transparent in the 

visible. Reflection causing objects to appear hot can also be shown by a stainless steel pot lid that 

has a smooth surface as shown in Figure 15. In Figure 15, the pot is on a patio that is only 

partially in the sun. Some sections of the pot appear to be extremely hot due to being at angle 

where the thermal radiation from the hot sun is reflected towards the imager. Other portions of 

the pot appear much colder than their surroundings because of the low emissivity properties of 

the material and the lack of notable amounts of hot radiation being reflected towards the imager 

at that angle. Clearly the image shows that even with a low emissivity surface an object can 

appear excessively warm if it is reflecting radiation from a hot source in a specular fashion 

towards an imager. Figure 13, 14, and 15 were all taken by a second generation FLIR One 

Thermal Imager for Android phones. 

Similarly, an object could have detection risks due to it demonstrating significant 

reflection in the visible region. During the day the sun’s solar radiation would mainly be below 4 

µm and at night cold space radiation would mainly be in the 8-12 µm region [20]. The solar 

reflectance during day would thus present potential issues with detection in the visual spectrum 

and the NIR regions as well as in the thermal infrared regions [15]. The reflected cold space 

radiation at night would present detection issues in the thermal infrared, but the risks of 

undesirable reflectance in the visible and NIR are somewhat diminished unless an imager 

provides a visible or NIR incidence source. Thus, a design must account for both thermal, NIR, 

and visible reflectance to be useful. It must be insured that suspicious levels of reflection do not 

occur in any one region. 

Yet, these potential issues appear to be addressable. Patent literature reveals that many 

low emissivity outer coating designs tend to feature multiple coatings or a coating above the low 

emissivity surface to allow for multispectral properties. A typical design might utilize a low 

Figure 15: A pot lid reflecting suspiciously hot solar reflection 

toward an imager. 
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emissivity metallized membrane or cloth that is coated with traditional visual camouflage and 

other coatings that are pervious to thermal IR, but largely impervious to other forms of IR [37]-

[39]. This approach allows for the creation of a multispectral camouflage design, where the more 

inner low emissivity surface provides the thermal camouflage properties and the outer layer 

provides the other camouflage characteristics [37]-[39]. In this setup, the top layer provides the 

visible and NIR camouflage while the layer beneath provides thermal camouflage. Patents 

describing camouflage for vehicles and other non-fabric surfaces also tend to utilize a somewhat 

similar camouflage approach featuring low emissivity outer surfaces. W. L. Gore & Associates 

owns several patents, such as US 9276324 B2, US 8779964 B2, and US 8333863 B2 that deal 

with thermal camouflage [38]-[40]. These patents were published in 2016, 2014, and 2012, 

respectively [38]-[40]. Patents US 9276324 B2, US 8779964 B2, and US 8333863 B2 each 

utilize similar designs to the one described above. These patents feature an opaque, but thermally 

transparent outer layer, that covers a thermally reflective inner layer that allows for camouflage 

in various wavebands [38]-[40]. These patents appear to be essentially a series of updates on a 

design established in their US 8333863 B2 patent. US 8779964 B2 and US 9276324 B2 patents 

both seem to act mainly as an update to the first design patented where discussion on 

implementing radar camouflage properties is included [39], [40]. US 9276324 B2 simply acts as 

an update to US 8333863 B2 by adding six additional claims and otherwise is the essentially the 

same [38], [40]. These patents highlight the previously discussed issue of camouflage in specific 

bands often causing increased detection risks in other bands due to issues with reflectance [39], 

[40]. It also claims that there is no single construction currently available that effectively 

provides all the properties needed in all wavebands [39], [40]. Patents for military camouflage 

clothing also feature low emissivity surfaces in their designs. US 7832018 B2 for instance 

utilizes a breathable fabric to aid in the removal of heat through convection and a metallized 

surface to produce thermal camouflage [47]. The combination of a low emissivity surfaces and a 

breathable fabric structure that allow for large amounts of convective heat transfer to occur are 

fairly common in patent literature, especially in those dealing with thermal camouflage clothing. 

US 6127007 A also describes a camouflage garment with those described elements, but with 

dangling fabric strips with low emissivity properties that are intended to break up the shape of 

the wearer of the garment [48]. The low emissivity fabric strips described being constructed of 

an inner low emissivity layer and outer layer that is thermally transparent and provides the 
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necessary properties in the visible and NIR ranges [48]. As can be seen by patent literature, low 

emissivity surfaces are a common element in thermal camouflage designs. 

Another potentially useful way to counteract the undesirable effects of reflection in the 

visual and NIR is to use metal oxide coatings or metal oxide particles, instead of or in 

conjunction with metal particles in the low emissivity coating [20], [28]. The oxides 

advantageously can result in the absorption of some visible light and thus reduce concerns of 

visual camouflage being compromised due to unusual amounts of visible light reflection [20], 

[28]. Alternatively, to prevent/limit unwanted reflection, coatings can incorporate silicon 

particles, which absorb electromagnetic energy above their bandgap [20].  

As mentioned earlier, designs must also deal with the issue of reflectance of unusual 

thermal radiation. As was previously alluded, the solution to this issue likely lies in controlling 

the type of reflection. Through proper preparation it may be possible to ensure that reflection is 

highly diffuse. As previously described, diffuse reflection is when incident radiation is reflected 

at many different angles. Thus, this reflection type prevents a concentrated amount of 

undesirable radiation from being reflected at an imager. One possible method discussed in 

literature for creating good diffusive reflectance might be adding pigments and other material 

with high refractive indexes and appropriate diameters to a coating [15]. Based on the material’s 

related property of scattering power, m, a researcher can calculate the wavelengths most 

effectively scattered [15]. In order to do this they can use the following equations: 

[15] 

In those equations, λ is the most efficiently scattered wavelength, d is particle diameter, and n 

and k are both constants that can typically be looked up [15]. Table 2 below, from “Principles 

and formulations for organic coatings with tailored infrared properties,” shows the n, k, and 

refractive index of some common pigments that are used to help make coatings have more 

diffusive reflectance [15]. It should be noted that some works have found that adding large 

particles to assist in scattering of thermal radiation has limited usefulness, due to the large 

particle size needed and the negative effects the particle may have on the properties of the 

coating [3], [28]. Thus, this approach might not be useful in creating thermal camouflage. Either 

way a researcher may benefit from knowing about some of the common pigments incorporate 
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into various coatings. Table 2 can be used by a designer to identify some potentially useful 

pigments to add to coatings to help mitigate reflectance issues in various wavebands. 

Table 2: Common pigments used to cause scattering and their constants [15]. 

 

Alternatively, designers can attempt to use the thermal reflection to their advantage, by 

aligning all the reflective particles so that a favorable reflection might hit the imager [20]. In this 

approach, radiation of the natural surroundings would be reflected to the sensor, while the low 

emissivity surface emits little of its on radiation towards it. Thus, ideally the imager would be 

fooled into thinking the surface is that of its surroundings. This method would likely present 

challenges to designers since it would require only desirable infrared sources to be reflected at 

imagers.  

A logical question concerning thermal reflection is, “Do the low emissivity coatings 

produced in papers have issues stemming from unwanted thermal radiation reflection?” 

Unfortunately, research papers rarely seem to address this or quantify their reflectivity in the 

various regions in terms of how much of it is diffuse and how much is specular. Instead they tend 

to seek to simply focus on producing a coating with as low an emissivity as possible and thus 

tend to only characterize thermal infrared properties in terms of emissivity. Papers may choose 

not to cover the performance of their coating in regards to reflection in the visible and NIR 

simply because issues in those areas might could be addressed with a subsequent top coating or 

by adding other components to the coating. Yet, the absence of comments on it in the thermal 

region seems odd. The absence of commentary on it may be an indication that it’s a non-issue in 

most designs and thus not worth mentioning. Alternatively, it could not be broached because it’s 

simply not tested for or because its assumed adjustments can be made to coatings to eliminate it. 



 

31 

 

It would seem that given the predominance of this approach to thermal camouflage that this 

potential issue must be addressable. Overall, a researcher should assess their sample to see if 

unwanted specular reflection may cause detection issue and should be prepared for that 

possibility. 

Designs relying on a passive low emissivity outer surface design also suffer from a 

potential issues arising from variations in the temperature differences of the surface and its 

surroundings. Since the temperature difference between the fabric’s outer surface and its 

surrounding will likely vary significantly during the fabric’s use, the ideal level of emissivity of 

the surface would vary as well [36]. For instance, on a cloudy night temperatures are often 

different in an environment than on a clear night, and the object being camouflaged by a fabric 

could still likely be at similar temperatures on both occasions. Looking back at Figure 10, it 

seems obvious that increases and decreases in the difference between surface temperatures would 

make the emitted power differences somewhat noticeable. It would seem that accounting for 

thermal differences by giving a fabric’s outer surface one constant emissivity would render it 

ineffective under some other conditions that lead to a different level of temperature differences. 

Thankfully, there is certainly some acceptable margin of perceived temperature difference 

between an object’s outer surface and its surroundings for thermal camouflage to still be 

considered acceptable. The logical question of course being how big of a difference in 

temperature is deemed acceptable. In one report made to the US Army a plus or minus of four 

degrees Celsius was said to be acceptable [36]. However, given that the report was released in 

1981 and that there have been significant advancements in sensor technology, it seems plausible 

that temperature differences may need to be even smaller in modern designs. 

 Designs that incorporate temperature regulation design component in addition to low 

emissivity outer coatings could also potentially reduce risks of temperature differences being at 

undesirable levels. For instance, since many modern ULCANS allow for air flow based 

dispersion of excess heat they are likely less prone to being negatively affected by variations in 

an environments temperature than a design that relies almost exclusively on an outer coating’s 

emissivity. This is due to heat exchange rates from convection changing based on factors such as 

the temperature of the object and the air. For a low emissivity outer coating to effectively align 

the surface’s thermal radiation emissions with its environment, it must have a design robust 

enough to be usable over a certain range of temperature differences. Otherwise it could be made 
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too low or high, which would cause the surface to appear to an imager as being suspiciously cool 

or hot, respectively. Obviously, the ideal emissivity would be based on the expected surface’s 

temperature during real world use compared to the temperature and emissivity of the 

environment. It may be counterintuitive, but for experimentation purposes it is likely not crucial 

to insure the created surface’s emissivity is not too low for its real world use environment [49]. 

In fact, it can be advantageous to simply aim for the lowest possible emissivity [49]. The 

rationale being that typically it is much easier to modify a coated surface to make it more 

emissive than to lower its emissivity [3], [49]. Thus, after initial experimentation, steps can be 

taken to increase the emissivity to align it more appropriately with a selected use environment. 

Emissivity can normally be adjusted simply by changing the amount of low emissivity 

components put in a coating [20]. A target range is still useful for allowing an easy evaluation of 

whether the produced emissivity is at an acceptable level. Therefore, the 0.4-0.6 emissivity range 

considered acceptable in both a 2005 and 2014 Swedish government report may prove useful [3], 

[20]. It is important to note that this range is not absolute, especially given those papers are not 

specifically dealing with thermal camouflage in fabrics.  

While the mentioned issues are valid concerns, this approach certainly has many merits 

and is one of the most commonly discussed techniques. It also has a fairly straightforward and 

easily understood mechanism for producing thermal camouflage. Low emissivity outer coatings 

may also be useful for situations where the uncoated surface naturally has a suspiciously higher 

emissivity than its surroundings. In this instance a coating could be applied to lower the 

emissivity of the outer surface to a level that is closer to that of its surroundings. Overall, low 

emissivity outer surfaces will likely be a key aspect in any fabric made for thermal camouflage 

applications. The current state of low emissivity coatings and possible coatings compositions 

will be further discussed in the “Approaches to Low Emissivity Coatings” section.  

 

E. Background on Military Coverings 

i. Introduction 

Knowing about the design and use characteristics of military fabric coverings is a useful 

supplement to knowledge on thermal camouflage approaches. Primarily because it allows a 

researcher to understand what elements of the fabric structure and the use scenarios will 

potentially contribute to a design performance. Thus, a discussion on these fabrics is warranted.  
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Military fabrics come in many forms, such as military uniforms, netting systems, and 

tents. In any instance, it would be advantageous for any exposed military fabrics to have thermal 

camouflage properties, but realistically it is not always feasible, practical, or possible for a piece 

of equipment to be thermally camouflaged. Thus, it was decided to evaluate thermal camouflage 

capabilities, design features, and recent research primarily surrounding two military textile 

covering products, tents and netting systems. These products are often employed in applications 

related to hiding, sheltering, and/or covering military personnel and equipment. Generally, 

thermal camouflage fabrics will have their camouflage performance determined by a 

combination of the substrate’s design properties and the added properties of a low emissivity 

coating. Thus, it seems useful to summarize the design aspects of the fabric substrates that a low 

emissivity coating may be applied to. 

ii. Military Tents 

1. Current Designs 

Military tents play an important role in modern military campaigns. Some of their most 

notable uses being as structures for mobile command posts, general purpose and personnel 

shelters, and vehicle and equipment covers. Currently, Outdoor Venture Corporation is the US 

Army’s largest supplier of military tent systems and accessories [7]. The majority of modern 

tents consist of woven polyester that has been treated with specialty coatings and finishes [4]. 

One of the coatings they typically incorporate is a vinyl coating [7]. Tents also generally are held 

up by aluminum frames [7]. Military tents are relatively expensive due to the coatings and 

standards they are required to meet. Their relatively high expense and importance makes it 

critical for them to be able to withstand being set up, taken down, and folded up many times 

without being damaged in significant ways [50]. In the modern era, tents must standup to a 

myriad of requirements to fully meet modern military expectations. 

Prior to modern thermal imagers and scopes, tent designs did not have to worry about 

their thermal emission, except for incases of keeping the occupants warm or cool. At night, 

detection issues were once more likely to arise from poor sound dampening allowing for audio 

detection and from lighting inside the tents being visible to outside observers. In both cases tent 

designs were optimized to reduce those sources of detection risk. For instance, multiple layers in 

a tent structure and inner walls dyed or coated with materials largely impervious to light helped 

diminish detection risks [37]. Some tent designs feature fabric layers separated by air gaps, 
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which help provide extra insulation and allow the outermost surface’s temperature to become 

more aligned with that of the environment. For modern military tents, there are many desirable 

and expected properties such as waterproofness, windproofness, breathability, insect resistance, 

UV resistance, flame resistance, high strength, tear resistance, multispectral camouflage 

properties, insulative, low weight, good drapeability, cleanability, durability, rot resistance, noise 

dampening, low cost, and snow shedding [4]. These properties are just some of the desirable 

ones and naturally there is bound to be some conflicting characteristics. Especially considering 

the present need and continued push for the creation of more rapidly deployable and more easily 

re-packable tents, which further add to the design features a designer must account for. The 

importance of rapid deployable capabilities is even reflected by some of the names of mobile 

command post tents, such as DRASH, Deployable Rapid Assembly Shelter [51]. This focus is 

also shown by the recent patents assigned to the largest military supplier that focus on making 

tent doors more collapsible and portable [52], [53].  Unfortunately, many of the ways a textile 

can be modified to meet the spectral, thermal, and mechanical property goals of the military 

intrinsically add weight and stiffness. These likely incompatibilities represent challenges to 

designers and engineers and must be kept in mind during the design process. Figure 16, taken 

from “Textiles in Defense,” visually represents some of the likely conflicting properties in 

military fabrics. 

 

Figure 16: The likely fabric property incompatibilities [4]. 



 

35 

 

Figure 16 is not a perfect representation of fabric property incompatibilities. For instance, 

Insect proofness really should be insect resistant and it likely will have little effect on visible 

camouflage. Low noise generation also seems odd to include, but would make more sense as 

sound dampening. Flame retardance would also likely not have notable effects on snow shedding 

properties.  Clearly Figure 16 has flaws, but it was included to demonstrates the care researchers 

should take in insuring they clearly understand the property needs and likely issues that could 

occur with a design. In the case of thermal camouflage, methods used to create thermal 

camouflage can often ruin visible camouflage.  

Given the issues with Figure 16, it seemed appropriate to include an improved graphic. 

As previously noted many of the military fabric property requirements and goals are met through 

applying coatings and finishes. Thus, Figure 17 was designed to focus on coating’s and their 

properties. This will be true for both tents, ULCANS, and other military fabrics. Figure 17’s 

right side shows many commonly desired properties for fabric coatings used in military 

applications while also highlighting some potential issues with the color red.  

Figure 17: A military coating’s desired properties and the negative aspects of coatings. 

As can be seen in the figure, the beneficial properties on the right often come at the price 

of negative properties such as extra weight, rigidity, and bulk. Yet, even with these drawbacks 

coatings are normally essential in designs. The addition of coatings to fabrics also adds extra cost 
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to the design and helps fuel the high price of military fabric products. For a reference point on 

cost, Outdoor Venture’s website lists their TEMPER tent as costing $11,452.21 and this cost 

does not include the expense of the ULCANS that often are used with it to enhance its 

camouflage capabilities [7]. Their website also lists the cost of their Modular General Purpose 

Tent Systems (MGPTS) as ranging from $4,369.23 to $8,816.84 based on size, Lightweight 

Maintenance Equipment Shelters (LME) as being $14,201.55, and their Modular Command Post 

Tent (MCP) as ranging from approximately $3,673.62 to $9,975.10 depending on the included 

features [7]. Clearly, tents are relatively expensive, which highlights the need for durable, robust 

designs capable of use in various environments. It also shows the attractiveness of using more 

cost effective fabric production methods and/or coating methods in their production. Currently, 

some of the coatings applied to the polyester fabrics in military tents are done by Graniteville 

Specialty Fabrics [54]. 

Outside of Outdoor Venture, there are other companies that produce tents. For instance, 

Saab Barracuda also offers a couple of tent options. Saab Barracuda is better known for being the 

main supplier of the United States’ military’s ULCANS, which are sometimes used in 

conjunction with tents to create multispectral camouflage [49], [55]. Based on their ULCANS 

products they developed a multispectral tent called TOMCAT (Two Man Collapsible Tent) [55]. 

This product is made out of the materials used in their ULCANS products and is designed to 

function similar to the ULCANS to provide camouflage [55]. It comes in both a two person and 

small vehicle variety with an example of the two person one being shown in Figure 18 [55]. 

Unfortunately, the product’s level of military use and its effectiveness compared to regular 

ULCANS and compared to tents covered by traditional ULCANS is not readily available. 

ULCANS will be discussed more extensively in the Ultra Lightweight Camouflage Netting 

System (ULCANS) section of the paper. 
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Figure 18: A two person TOMCAT tent [55]. 

2. Possible Future Designs 

As previously mentioned, military tents are typically made out of woven polyester that 

has been given special finishes and coatings, which help contribute to tent’s being relatively 

expensive [56]. At the same time these tents will experience many opportunities to sustain 

damage during use due to the inherent dangers of military operations and the number of times 

they will likely be setup and taken down. Consequentially, a military tent may have a relatively 

short lifespan. These factors make alternative lower cost, high strength textiles desirable for tent 

applications. One potential alternative being the use of nonwoven fabrics, which are cheaper to 

manufacture than woven fabrics and have already been an area of proposed interest in military 

tents and the subject of relevant research on alternative tent fabric choice [50], [56]. For 

nonwoven tents, spunbond polyester with either calendaring and/or hydroentanglement being 

used for bonding is a likely alternative candidate. These two spunbond nonwoven products 

would benefit from the high productivity capabilities of spunbond production, up to 300-400 

kg/m per beam and the relatively fast bonding method [50]. Advantageously, these high 

productivity capabilities represent a good indication of potential cost savings. For these designs 

to meet the mechanical requirements of their intended application they must use carefully 

selected morphologies. One morphology that shows promise is the use of island in the sea fibers 

that are thermally bonded [56]. An island in the sea composite polymer fibers is constructed out 

of two materials with one being the sea and the other being the island. A cross sectional view of 

an island in the sea fiber is shown in Figure 19 [50]. The purpose of this composite fiber’s 

morphology primarily being that the islands provide structural support while the sea provides 



 

38 

 

other properties, such as aesthetic or textural properties. In the case of tents, the sea component 

actually can be intended to function as the component melted by calendaring to form thermal 

bonds between fibers. 

 

Figure 19: An island in the sea polymer composite [50]. 

In previous research these composite fibers consisted of 75% nylon and 25% 

polyethylene, which make up the sea and the island, respectively [56]. They showed promising 

mechanical properties that were impressively able to meet class II and III military specifications, 

due to the nylon component acting as the binder and the polyethylene providing the structural 

properties [56]. The produced fabrics were also shown to be lighter than current tent fabrics and 

the fabrics were shown to exhibit enhanced flexibility if hydroentangled prior to calendaring 

[56]. These results indicate that there is potential for nonwoven fabrics to replace the 

traditionally woven polyester used in tents due to their potential for cost savings and 

demonstrated ability to meet mechanical property requirements, have high production rates, and 

low weight characteristics. It would be interesting to also know how a similar nonwoven fabric 

made with fibers containing a sheath core morphology instead of an island in the sea morphology 

would compare in regards to mechanical properties. A sheath core morphology is a structure 

where one polymer makes a sheath or outer layer of a fiber and a different polymer makes up the 

fiber’s core. Given the demonstrated capabilities of nonwovens, it appears that future military 

tents may one day incorporate nonwoven fabrics into their designs. The findings of research on 

nonwovens in tent designs may also be a useful reference for UCLAN designers who may also 

want to investigate the merits of nonwovens in netting systems.  

3. Concluding Remarks 

Military tents currently play a vital role in military campaigns and as expected have a 

wide range of property requirements. Future design revisions will likely feature cheaper and 
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lighter weight fabrics. A regular military tent’s shape inherently results in issues with signature 

management due to it being suspicious when seen by imagers [2]. Since for various reasons it is 

likely not advantageous to fundamentally change the shapes of tents it is likely future designs 

will have minimal attention given to improving their inherent thermal camouflage abilities. Thus, 

future tents will likely still rely on the use of ULCANS to breakup their shape and allow for 

signature management. Consequentially, research on thermal camouflage in military fabrics is 

likely better fitted to work dealing with the netting systems themselves.  

 

iii. Ultra Lightweight Camouflage Netting Systems (ULCANS) 

Netting systems for use in camouflage is not a new concept and they have been used to 

visibly hide and disguise military equipment and vehicles for a relatively long time. As 

previously mentioned, currently US military ULCANS are only produced by Saab Barracuda and 

they offer multispectral camouflage capabilities [49], [55]. As of June 2016, Saab Barracuda’s 

netting contract with the military expired so it is possible new companies could begin producing 

ULCANS for the United States military [49]. It can also prove useful to know that some sources 

use the terms nets and screens synonymously when discussing ULCANS [57]. 

 Current designs have a construction featuring a base layer of fabric and a garnish layer 

that is slit [16], [58]. The base layer can be described as a small mesh knitted net. The garnish 

layer is typically woven and helps provide the netting system with a more textured three 

dimensional look that helps the netting system blend into the environment [58]. Both fabric 

layers are normally either made of polyester or nylon [49], [58]. The woven fabric garnish 

features a cut fabric with rip-stop construction [58]. The term garnish is typically used to 

describe when a material is added to a surface in order to enhance its appearance. Hence, the 

Figure 20: Leaf-Cut design 

from 1985 patent. 
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wording of garnish to describe this layer is likely due to it being used to make the tent appear 

more textured and to allow for subtle shadowing. For extra clarity the definition for garnish 

given in military ULCANS manuals is “top side of camouflage material assembled with 

underside netting material creating a camouflage screen [57].” The cut nature of the design is 

often described as leaf-cut and helps allow for a more natural look to the fabric. The perforated 

nature of the design helps encourage air flow and the convective transfer of unwanted heat away 

from the netting system and the object beneath it. This usefully helps prevent heat buildup on the 

outer surface and helps bring the fabric more in line with the temperature of its surroundings. 

This design can be seen in Figure 20 and 21, which were taken from patents associated with Saab 

Barracuda that were published in 1985 and 2010, respectively [16], [58]. Figure 21 is also found 

in a 1990 netting patent owned by Milliken Research Corporation [59]. The netting system is 

supported by a system of aluminum and plastic support poles along with components designed to 

aid in shape disruption [60]. These supports usefully allow the netting system to break up the 

shape of the object beneath it while creating an air gap between the object and the net. The gap 

usefully provides and insulative effect while encouraging the removal of unwanted heat through 

Figure 21: Leaf-Cut design from 

both a 1990 and 2010 patent. 
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convection. Thus, the air gap helps keep the outer surface cool. Their outer most surface is 

coated to lower its emissivity and to properly color the surface for visual camouflage. The outer 

coating can feature metals and specialty pigments. Recent research has focused on improving 

ULCANS by modifying designs to allow them to be snag free and reversible [58]. These 

elements together are intended to improve the functionality, ease of deployment, and durability 

of the netting system. Military ULCANS when packaged with all necessary components in 2008 

weighed about 94.5 to 105 pounds [57]. Unlike with military tents, pricing information for 

ULCANS is less readily available.  

Netting systems are one of the simplest and most important tools the modern military has 

for managing thermal signatures on the battlefield. Their effectiveness can be contributed to their 

ability to break up the suspicious shape of equipment, be used with most on land equipment, 

ability to only be selectively employed and then removed, and to provide a new outermost 

emitting surface for the object being hidden. They usefully allow for camouflage capabilities for 

military equipment that cannot by itself be easily designed to be inherently thermally 

camouflaged. The main drawback of equipment relying on netting systems for camouflage is 

simply the need for time to set up a netting system each time the object must be hidden. Given 

that ULCANS can be used to manage the thermal signature of most stationary equipment, it 

seems logical for research on improving military thermal camouflage capabilities to focus on 

ULCANS. 

F. Approaches to Low Emissivity Components 

i. Introduction 

There is currently a reasonably large amount of publications on low emissivity coatings. 

Many of these publications are focused on commercial applications involving windows, solar 

cells, solar water heaters, and some other energy efficiency applications. Some of those works 

have elements that may be relevant to thermal camouflaged fabrics, but many do not. A smaller 

subset of publications focus on low emissivity coatings intended for use in thermal camouflage 

and these works often deal predominantly with non-textile substrates or are not substrate 

specific. Work in this area varies in complexity, but most fundamentally relies on a binder and a 

low emissivity component. Coatings also will generally feature various additives to adjust and 

improve various properties of the coating, such as lowering flammability. Careful selection of 

binders is essential in order to prevent interfere with the low emissivity components of a coating 
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while meeting other coating property needs. Low emissivity components must carefully be 

employed to prevent compromising camouflage capabilities in other spectrums and to insure a 

meaningfully low emissivity is produced. Low emissivity components come in many forms and 

can be simply pigments and flakes or more complex structures, such as cenospheres and 

multilayer constructions. 

While the ultimate goal of the coatings is to create a low emissivity surface, researchers 

should also investigate the sample’s performance in other areas. For instance, it is advantageous 

to also assess whether or not their low emissivity coating causes undesirable levels of specular 

reflection. Many papers fail to report the nature of reflection in their samples. It also is useful to 

assess a coating’s capabilities for use in a greater multispectral design by looking at its 

glossiness, permittivity, cost, manufacturability, and practicality. As was previously mentioned, 

there are unfortunately no clear property benchmarks a coating must meet to be clearly useful for 

military camouflage applications [3]. This is likely part of the reason many researchers produce 

reports that almost exclusively focus on how low an emissivity their work produced while 

providing minimal details on other relevant properties. This disappointingly makes it more 

difficult to properly assess the merits of produced coatings and designs. With the limitation of no 

well-established and thorough methodology for evaluating coatings for spectral design utility 

being kept in mind the relevant work on low emissivity coatings was assessed with specific focus 

given to the binders and low emissivity components employed. 

ii. Binders 

Research on low emissivity coatings focus predominately on the low emissivity 

components of the coatings and thus tend to only passingly discuss the binders employed in their 

designs. This does not diminish the importance of binders in these applications because their 

properties ultimately play a large role in the overall performance of the coatings. Despite them 

not being of central focus in this area of literature, some insight can still be gather based on the 

binder selection researchers have used and the short commentaries they sometimes provide. 

Patents, such as US 4495239 A do tend to give more emphasis on the importance of carefully 

selecting binders [61]. In this patent, special emphasis is given on insuring the binder has 

excellent transmissive properties in appropriate wavebands [61]. Binders have a few key 

property requirements for use. They must be compatible with the intended substrate and other 

coating components while not overly interfering with the function of the low emissivity 
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component. Beyond that they must simply meet regulatory standards and mechanical and 

performance requirements for the application. Ideally they will also work with the low emissivity 

component to further the designs capability to produce multispectral camouflage. For instance, 

an opaque, but highly thermally transmissive binder is potentially advantageous. Its opaque 

nature could usefully assist in the reduction of visible light reflection helping to allow for 

multispectral performance.  

Unfortunately, most binders used in traditional coatings are organic and feature chemical 

structures that promote absorption in the thermal infrared, which leads to absorption and a higher 

level of emissivity. If the binder is highly emissive, then it can inhibit the overall effectiveness of 

the low emissivity component [33], [62]. For instance, it might absorb radiation that the low 

emissivity component was intended to reflect. Thus, researchers must be careful in their binder 

selection. Ideally, binders in low emissivity coatings should have high thermal transmission 

properties so as not to interfere with the coating’s low emissivity component’s ability to reflect 

thermal radiation [61]. Overall, this allows for the coating’s thermal emissivity to be determine 

predominantly by the low emissivity component. Patents tend to highlight the importance of a 

coating’s full spectrum properties, especially those where the coating was placed on the outer 

surface. Having a high transparency in the thermal region is also useful since additional pigments 

and components can always be added to further adjust properties [3].  

When choosing a binder, it is important to factor in its chemical structure since it will 

determine how it interacts with infrared radiation. As many readers will know, polymers are 

often identified based on how they interact with infrared radiation in a process called infrared 

spectroscopy. The underlying principle being that the unique structure of each polymer will 

result in a unique absorption/transmission profile that allows for a material specific infrared 

spectrum or “fingerprint” for the material to be created during testing. The polymer’s infrared 

spectrum can then be compared with a database for identification purpose and used to help 

identify likely functional groups within the structure. Literature does contain information on the 

absorption characteristics of common functional groups and this information may be useful in 

the selection of an applicable binder. Thus, it may be useful for researchers to reference tables on 

absorption characteristics, such as Table 3 from “Organic Chemistry” by Francis A. Carey [63]. 
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Table 3: Infrared Absorption Characteristics of Common Structural Units [63] 

 

As is common with infrared spectroscopy absorption is characterized by wavenumber 

(wn). Since wn = 1/λ, the wavenumber can easily be converted into wavelength by simply 

dividing one by the wavenumber. This conversion allows for easier identification of where in the 

thermal infrared spectrum there will be expected absorbency. It is also worth noting that strength 

of absorption various based on structure. Generally, speaking polar bonds tend to absorb strongly 

and nonpolar bonds tend to absorb weakly. Understanding that the frequency of a binder’s 

structural units affects absorption and transparency allows a researcher to understand why some 

polymers may not be well suited for this application. It also allows for the identification of 

potentially useful structural units. For instance, units with wavenumbers between 1,250 and 

2,000 cm-1 should have absorbency peaks between 5-8 μm, which corresponds with the band that 

the atmosphere readily absorbs. Thus, having a high emissivity in this band would be acceptable 

in a thermal camouflage application. 

However, for those who do not want to closely look at the structure of various potential 

binders they may find it acceptable to choose a binder based on the ones researchers and patents 
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found to be acceptable for use. US4308882 A mentions copolymers of polyethylene or 

polytetrafluoroethylene (PTFE) as being applicably transmissive for this purpose [37]. US 

5750242, US 8779964 B2, and US 8333863 B2 also mention PTFE as a potential substrate due 

to its IR transparency and visual opacity [13], [38], [39]. US 8779964 B2 and US 8333863 B2 

also mention fluorinated ethylene propylene (FEP), perfluosoralkoxy copolymer resin (PFA), 

and polyolefins as potential substrates [38], [39]. The impressive outdoor stability and high 

performance properties of polyurethane coatings and adhesives makes them suitable for many 

military applications and they may present a good choice for this application, despite their N-

C=O and C-O-C groups contributing to emissivity [33], [62]. Some researchers have noted its 

emissivity may limit its usefulness, but generally researchers who used it had reasonable levels 

of success with polyurethane [33], [62], [64], [65]. One researcher even claims to have achieved 

emissivities near 0.1, 0.15, and 0.3 with polyurethane low emissivity coatings [64], [66]. Some 

polyurethanes may not possess desirable visible waveband properties, which would reduce its 

usefulness in some thermal camouflage applications. Unfortunately, the papers that had good low 

emissivities coatings with polyurethane failed to report if the coating compromised visible 

spectrum camouflage. It is likely that polyurethane is acceptable for use as a binder, but not for 

use as an additional top coat that goes over the low emissivity coat. This view is supported by the 

findings in “Polymer-based pigmented coatings on flexible substrates with spectrally selective 

characteristics to improve the thermal properties” where they were able to create a coated fabric 

with an emissivity of 0.30 that featured polyurethane, Aluminum, and a colorant, but when an 

additional 100 µm polyurethane top coat was added the material’s emissivity increased to 0.93 

[67]. The same paper also mentions the infrared transparency of polyethylene when it is used in 

their testing apparatus, which agrees with the patents that mention its IR transparent properties 

[67]. Acrylic was also mentioned as an acceptable polymer for this application in patent US 

6127007 A [48]. It even lists Sun Coatings R007 Emulsion as acceptable for this application 

[48]. Unfortunately, the specific product they were referring to was not readily found when 

searched for. Overall, the polymer binders offering opaque properties in the visible and 

transparent properties in the thermal are likely the most promising for thermal camouflage 

applications. 
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iii. Low Emissivity Components 

Designers have a variety of options in terms of low emissivity components most of which 

are metal. Some of the low emissivity components investigated in literature are metal flakes and 

pigments, films, and multilayer structures. Many metals are examined, but generally the ones 

chosen are picked due to their conductivity level, emissivity, and to some lesser extent durability 

properties. In patents, cost is also sometimes factored into selections, but it does not appear to be 

a significant factor in selections made in research articles. Some of the common metals found in 

patents and literature include aluminum, copper, silver, and zinc. There are also works that focus 

on modified metal pigments in order to alter their spectral properties and to eliminate potential 

issues caused by oxidation. 

The simplest component utilized in low emissivity research is metal particles. In this 

situation the effectiveness of a particle is determined by its material type, shape, and size. In 

general, the material chosen is typically a metal and thus reflective in most wavebands. 

Consequentially, if the binder is not opaque or able to counteract or prevent unusual levels of 

reflection in the NIR and visible spectrum, then the metal particles must be modified to prevent 

compromising multispectral performance assuming the low emissivity coating is planned for an 

outer coating. Many papers do not address this concern. There are multiple methods that have 

been attempted to make pigment based designs that reflect in the thermal, but avoid suspicious 

visible waveband reflectance, such as altering pigment size and the incorporation of thermally 

transparent components. As was alluded to in a previous section, pigments large enough to 

potentially aid in thermal infrared diffuse reflectance tend to unfortunately cause significant 

issues in coatings and were deemed unviable [3], [28]. Researchers have found that applying thin 

oxide layers overtop metal particles can remove unwanted visible reflection due to the oxide 

layer absorbing visible light while being transparent to thermal radiation [20], [68], [69]. The 

oxide layer can also advantageously help prevent oxidation from occurring on the inner metal 

portion of the particles [68]. Metal oxides usefully have a tendency to be transparent in the 

thermal wavebands while absorptive in the visible spectrum. Their incorporation into coatings 

does tend to raise emissivity to some degree. 

The use of a thermally transparent, visibly opaque coating on the metal particles is in 

some ways similar to the design proposed in many patents that were previously discussed. In 

patents, there was often a binder selected or an extra coating applied over a low emissivity 
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coating that was intended to absorb the visible wavebands while being thermally transparent. 

Research literature shows a surprising lack of papers where an extra coating is employed for this 

purpose. It may be useful for a future researcher to investigate its effectiveness. Some work with 

metal particles featuring antireflective coatings, such as TiO2/Au/TiO2 have met visible 

requirements, but failed to meet low emissivity needs [20]. This suggest that either the metal 

chosen did not have a sufficiently low emissivity or the oxides used to reduce visible reflectance 

overly raised the coating’s emissivity. 

Before looking at the available literature, some reasonable predictions on what metal 

types are applicable for low emissivity coatings can be drawn simply from reviewing the 

properties of common metals. For this purpose, common metals and metal alloys were plotted by 

cost (USD/lb) and by electrical resistivity (µΩ*cm) using CES EduPack 2014 as shown in 

Figure 22 [70]. This plot usefully provides a quick and easy way to perform a simplified cost, 

benefit analysis of common metal types. In the figure an ideal material will be as far left and 

down as possible. A far left material indicates that the metal is relatively cheap. A material being 

close to the bottom indicates a low level of resistance and thus the potential to have a very low 

emissivity. The graphic shows that aluminum alloys, copper, silver, and gold offer the best 

conductivities. Silver overall had the best conductivities. 
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Figure 22: Price Vs. Electrical Resistivity of Common Metals 
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As shown in the figure, aluminum and aluminum alloys are easily the cheapest metal 

followed by copper, which has a price that is up to four times higher. Silver and gold are shown 

to be substantially more expensive than the other two metal types, which indicates their 

additional cost likely outweighs the benefit of their higher conductivities. This would seem to 

indicate that aluminum and its alloys, along with copper are the most likely metal types for this 

application given they have some of the highest conductivities while also not being excessively 

expensive. This conclusion is also supported by both copper and aluminum being among the 

most prominently used materials for this application in literature.  

Many works in literature only test one metal particle and overall aluminum seems to be 

the most predominant. Aluminums widespread use likely being the result of it being relatively 

cheap, easily available, highly conductivity, and having a low emissivity [71]. Some papers even 

declare aluminum to be the most prominent metal pigment used in both military and commercial 

low emissivity coatings [68], [71]. Aluminum also has a notable presence in many non-

camouflage applications that require low emissivity properties, such as paints. Patent literature 

tends to be less specific about what materials they prefer to use in their low emissivity coatings, 

but some, such as US 6127007 A do mention aluminum in their preferred embodiments [48]. 

Other indications of its popularity are that some patents, such as US 4529633 A provide it as an 

example of a metal that can be utilized in their design [72]. In the less specific patents that do 

mention metal types, it has a high tendency to be one of the mentioned examples. Thus, despite 

patent literature being generally vague on the specific low emissivity component employed, it 

does give some indications that aluminum is a common choice for low emissivity coatings. 

In literature, there seems to only be a few paper that compare multiple metal and 

modified metal pigments for thermal camouflage applications. In one Swedish government 

report on low emissivity coatings there was a comparison made between Al, Ag, and Cu flakes. 

From their work they concluded that of the three flake types only Al produced a coating with a 

low enough emissivity to be useful [3], [20]. Aluminum’s ability to produce a low enough 

emissivity to be useful was partially contributed to it likely forming a stable, protective oxide 

layer that prevented unwanted chemical reactions between it and the binder, which would have 

caused further property degradation [20]. In general, when a metal oxidizes its emissivity will 

increase and thus normally it is considered undesirable. Some researchers combat oxidization by 

modifying the metal, such as by using Al/SiO2 instead of just Al [68]. Also it may be too early to 
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assume copper is not a viable low emissivity component in coatings as some works have claimed 

to have made coatings with emissivities between 0.1-0.33 with it [21], [66], [73]. Notably, the 

papers that had success with Cu at producing a low emissivity did not mention visible 

performance, which was likely a concern given their use of a highly transparent binder. Aging 

was also not considered, which is likely a concern given copper tendency to react with oxygen. 

Copper reacting with oxygen should cause a degradation in properties. One paper did modifying 

copper with a polyethylene wax to examine its ability to slow degradation and oxidation. The 

paper was able to demonstrate that their modification slowed degradation, but the produced 

coating’s emissivity was likely to high to be useful [74]. Notably, coatings containing aluminum 

have also been demonstrated to be capable of producing very low emissivities comparable to the 

best copper coatings with values such as 0.1 and 0.3 [67]. The cheaper cost of aluminum makes 

it more attractive than copper in this application since similar levels of emissivities have been 

reached with both metals in literature. Experiments testing the effectiveness of silicon dioxide 

and aluminum oxide cenospheres have also been performed, but it was found that the 

cenospheres had an unacceptably high emissivity [20], [69]. Thus, aluminum is likely the best 

candidate for the low emissivity component. 

The next decision related to metal particles is what shape and size to use. These aspects 

were explored in “Effects of size, shape and floatage of Cu particles on the low infrared 

emissivity coatings” and in “Effects of shape, size and solid content of Al pigments on the low-

infrared emissivity coating.” In the first work, low emissivity coatings containing copper 

particles of various sizes in the form of flakes, spheres, cubic, and flakes with leafing properties 

were investigated. The results found that that flake shaped pigments outperformed both spherical 

and cubic pigments likely due to having a higher specific surface area and a better ability to form 

layered structures [21]. Similarly, in the paper studying aluminum, the flake shaped particles 

were able to produce coatings with much lower emissivities than the sphere particles [71]. The 

coatings they produced with flakes had emissivities of 0.16, but their coatings containing 

spherical particles had emissivities as high as 0.66, which illustrates how great a difference 

pigment shape can make on emissivity [71]. In order to insure that their coating containing 

spheres would provide a good indicator of a sphere particle’s capabilities they used Mie-Theory 

and other scattering theories to determine that ~4 µm diameter spheres would have the highest 

scattering coefficient at 10 µm [71]. This helped insure that the high emissivity of the sphere 
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particle coating was not due to an improper particle size being used in their application. 

Researchers have also mentioned that the higher level of surface area in flakes compared to 

spheres makes them more advantageous than sphere particles [28], [71]. It has also been noted 

that metal spheres and similarly shaped particles tend to have poor agglomerate and to leave 

more gaps for decaying electromagnetic radiation to enter the coating from [69], [71]. This can 

lead to greater levels of transmission depending on the coating thickness and can lead to 

unwanted scattering of radiation within the coating, which will generally contribute to the 

coating having a higher absorption and emissivity. Figure 23, illustrates how a coating 

containing both flake and sphere shaped metal pigments might interact with incident radiation. 

 

Figure 23: Incident radiation on coatings containing flaky and spherical pigments. 

 

 The view that sphere shaped pigments allow for greater penetration and thus absorption 

of electromagnetic waves is supported by the findings of researchers where the polymer portion 

of the coating has its characteristic absorption bands more clearly detected in the coatings 

containing spherical pigments than in the coatings containing flaky pigments [71]. As metal 

pigment content increased in the coatings the detectability of the binder’s characteristic 

absorption bands decreases [71]. The thin nature of flake particles should make it easier for an 

overlapping flake structures to form in thin knife coatings simply because the thin nature of the 

flakes allows more layers of flakes to pass under a small knife gap at once than can occur with a 

similar diameter sphere particle. For clarity, a 65 µm thick coating containing 14 µm diameter 

flakes of thickness 2 µm could form ideally 32 layers within the coating, but a 14 µm diameter 

sphere could form only 4 layers. 

Flakes with leafing properties performed even better than regular flake particles in 

literature due to having superior floating properties that helped them form a more closely packed 

layer near the top of the coating surface that had few gaps [21]. Having a highly packed upper 
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layer of metal flakes as is characteristic of coatings containing leafing pigments will likely result 

in some unwanted increases in reflectivity in the lower wavebands and may result in extra 

glossiness. The presumed reason for the benefits demonstrated by leafing can visibly be seen in 

Figure 24 [21]. 

 

Figure 24: Coating containing flake without leafing (left) and coating containing leafing flake 

(right) interacting with incident radiation [21]. 

 

As can be seen in the figure the leafing flake agglomerates more near the surface and has 

less openings for incident radiation to enter the coating. This helped prevent radiation from 

entering, then scattering within the coating and then likely being absorbed within it. Thus, the 

leafing effect helped lower the emissivity of the coatings. In regards to particle size, the Swedish 

military publication, “Pigments with Potential for Adaptable Optical Properties” provides some 

insights. In the report, silver particles in three size ranges were compared. Size groups consisted 

of 0.5-1 μm, <20 μm, and >20 μm. Each size group was tested for reflectivity and measurements 

were taken for a heated and an unheated sample. The results being that the heated silver with a 

size of 0.5-1 μm had the least infrared reflectivity [69]. The >20 μm size silver had the highest 

reflectivity, but that heating the silver resulted in a much less significant change in emissivity 

when compared with the 0.5-1 μm silver [69]. Overall, they concluded that the larger two sizes 

performed better because the metal particles began to act more like a smooth flat surface, but 

they avoid drawing much attention to >20 μm size silver performing better than <20 μm size 

silver [69]. This may be due to them not specifically defining the size of the particles in those 

groups. Either way their work suggest that researchers should not make their pigment particles 
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too small. Other articles investigating the effects of large pigments on scattering found that sizes 

nearing 50 μm should also be avoided since they result in coating quality issues [28]. This would 

seem to be cooperated by “Effects of size, shape and floatage of Cu particles on the low infrared 

emissivity coatings” finding that both overly small particles (0.4 μm) and overly large particles 

(50 μm) led to higher emissivities than more moderately sized particles [21]. Many other reports 

did not specify the logic behind their particle size choice or did not compare multiple sizes. For 

instance, “Effects of shape, size and solid content of AI pigments on the low-infrared emissivity 

coating” did not explain their choice of 20 μm for flake particles, but did explain that Mie-

Theory could be used to help determine the optimal size for sphere and cylinder shaped particles 

[67]. Maybe the 15 to 30 μm particle size range found in varies publications would be a good 

range to work in when producing low emissivity coatings.  

If the produced coating is made through electrospinning, then the metal particles would 

have to be significantly smaller and in the nm range. One paper dealing with electrospinning 

coatings for thermal camouflage applications used ZnO doped with La and Al with particle sizes 

of an average of 159 nm [75]. The author references an earlier paper its collaborators worked on 

for how their low emissivity particles were created. In that work, particle sizes between 120 and 

321 nm were created and it was found that 120 nm had the lowest emissivity, which may be an 

indication that a particle size smaller than 159 nm might could produce better results than what 

was achieved in their electrospinning project [76]. Overall, more research would need to be 

undertaken to determine with confidence an optimal particle size for electrospinning 

applications. The particles sizes optimal for coatings produced with doped ZnO particle may also 

not be an indicator of the optimum size for other particle types, such as Al. For low emissivity 

particles used in designs not produced with electrospinning, it appears likely that a moderately 

sized aluminum flake with or without leafing properties would provide the best performance at a 

moderate price. Regardless, of particle choice, care will need to be given to employ a binder, 

oxide layer, or extra coating layer in the design that will help negate potentially negative visible 

reflection caused by the metal particles and help protect the metal flakes from degrading due to 

chemical reactions. 

iv. Other Potentially Useful Materials 

Depending on the needs of a design, sometimes metal oxides and transparent conductive 

oxides (TCO’s) are chosen for use in coatings. In the case of very thin layers of metal oxides, 
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their ability to transmit thermal infrared while absorbing lower wavelengths of radiation makes 

them of interest [20], [28]. However, TCO’s are of interest because these doped metal oxides 

have another set of interesting properties. They are characterized as being highly transparent in 

the visible spectrum while being conductive and reflective at longer wavelengths, such as in the 

thermal infrared band [77], [78]. The typical ranges of transparency in TCO’s being around 0.4 

mm to 1.5 μm [78]. TCO’s manage to stay transmissive in these regions unlike pure metals 

because of differences in key properties, such as charge carrier density [78]. For a reader wishing 

to get a better understanding of what drives the different interactions with electromagnetic 

radiation shown by metals, metal oxides, and TCO’s it may be useful to explore literature 

focused on optical properties in relation to plasma frequency, dielectric constants, skin depth, 

and charge carrier density. 

TCO’s are commonly very thin films and often are found in photovoltaics, OLEDs, and 

touchscreens. Not all metal oxides are able to make TCO’s and it is still not fully understood 

what determines their abilities to be TCO’s [77]. Thus, to some extent TCO’s can be thought of 

as a subset of metal oxides. It is also important to understand that generally metal oxides have a 

higher emissivity than their non-oxidized metal counterparts and that oxidation tends to increase 

emissivity. Consequentially, metal oxides often must be used as a very thin layer in many 

applications to avoid them having negative impacts on the emissivity of the design. 

 Beyond the optical properties of TCO’s and metal oxides they also have other 

advantages. For instance, surrounding a metal by a metal oxide or TCO helps reduce the risk of 

the metal experiencing property changes due to ongoing oxidation that some metals, such as 

copper are prone to. Transparent metal oxides are also useful because when used properly they 

can be incorporated in designs so that based on their thickness and refractive indices they cause 

destructive interference to visible light resulting in a minimization in visible reflection [20]. 

Among the common TCO’s is zinc oxide, which is often featured in research papers dealing with 

infrared stealth [75]-[77]. To create a TCO, an appropriate metal oxide must be doped with other 

compounds. For zinc oxide, appropriate dopants can be Al, Ga, In, B, Sc, Y, F, V, Si, Ge, Ti, Zr, 

and Hf [77]. The ability to dope zinc with a highly conductive metal, such as Al to produce a 

TCO is an attractive design choice because of the relatively cheap prices of both raw materials 

and the advantageously high conductivity of the dopant. The use of TCO’s in real world designs 

are most predominately illustrated by their role in low emissivity glass applications. Typically, 
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they would be employed as a very thin layer in low emissivity glass coatings where they are 

commonly put beside thin metal layers. All of the layers are very thin in these products.  

Patents, such as US 20100203454 A1 deal specifically with enhanced transparent 

conductive oxides and discussed methods of creating TCO’s that are transparent at short 

wavelengths (visible and NIR), but highly reflective at longer wavelengths [78]. These material 

properties could potentially allow for a coating featuring TCO’s to be placed above traditional 

visible and NIR camouflage. This likely is why the patent briefly mentions camouflage as a 

potential application for TCO’s. It seems obvious that TCO’s could make a useful material for 

incorporation into thermal camouflage designs, especially ones focused on reducing an outer 

surface’s emissivity. Patent CN 101871136 A described metal oxides along with metal selenide 

and metal sulfides as being their preferred low emissivity component in a design focused on 

producing low emissivity fibers through an extrusion based process [79]. The metal oxides they 

felt were most preferable for this application were aluminum-doped zinc oxide, indium tin oxide, 

and antimony-doped zinc oxide [79]. Overall, TCO’s and metal oxides present attractive 

properties for some designers due to their transparency at lower wavelengths and high 

reflectivity at longer wavelengths. 

 For designers considering using a TCO coating in their design, it may be useful to 

reference Table 4 [80]. This table is taken from “Transparent conducting oxide semiconductors 

for transparent electrodes” and describes the metal oxide and dopant combinations commonly 

used to create TCO’s [80]. 

Table 4: Common TCO Metal Oxides and Dopant Combinations [80] 
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G. Production 

i. Overview 

When creating a design for thermal camouflage there are many possible approaches, but 

they all typically incorporate low emissivity materials in the form of coatings into their designs. 

Hence, the production method used to coat a given substrate is of importance to the thermal 

camouflage design. Literature provides many examples of methods that can produce low 

emissivity surfaces for camouflage purposes. Conversely, patents had a higher tendency to either 

be vague on production methods, not mention a method, or list a large amount of potential 

methods. Thus, they provided less insight in this area. The methods chosen for experimentation 

are typically the ones that best aligns with the properties of the surface being coated, provide the 

greatest ease of laboratory fabrication, or in some cases are simply well suited for use with what 

equipment was available. Since many papers do not deal specifically with textile products often 

methods better suited for metal or glass substrates are utilized. Consequentially, a reasonable 

portion of papers on low emissivity coatings do not provide useful insight into how to effectively 

produce the coatings on fabrics. This also leads to a lack of papers that analyze how fabric 

structure effects the emissivity of a coated surface. After all it seems logical that the large 

difference in surface characteristics of a fabric when compared to a smooth piece of metal or 

glass would likely effect emissivity. Many papers provide insight into the basics of coating 

formulations, but utilize methods more suitable to rigid metals than textiles. Often in these cases, 

the application methods are only appropriate for use on certain substrates, such as when 

electroplating is utilized [18]. Electroplating is normally not applicable for use on fabrics 

because most fabrics are no conductive. One of the other methods utilized is dip coating with 

either single or multiple passes [81]. Dip coating is a process that is useful for applications where 

it is desirable for the coating to go all the way through a fabric and can often be found being used 

for dyeing applications [82]. While this method is undoubtedly useful for coating fabrics, its 

usefulness for thermal camouflage fabrics is less certain. For instance, it would be unideal in 

many designs were it is undesirable to have both sides of the fabric coated with a low emissivity 

coating and when weight and flexibility are a concern. This process also would likely require 

more chemistry than some alternative coating methods. Thus, it seems this would not be an ideal 

process for the application of coatings in all tent designs. 
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Researchers also utilize vapor deposition processes; primarily when working with metal 

or glass substrates. It certainly is possible to utilize vapor deposition to coat fabrics, but it is not 

as well understood by the average fabric coating company and not as commonly found in coating 

manufacturing plants. The properties of textiles also result in special precautions and extra care 

needing to be taken to utilize this method on fabrics. Vapor deposition methods can 

advantageously create very thin, strongly bonded coatings. Thus, vapor deposition may be a 

production method of interest to some designers. 

 Yet, there are still many other coating methods that are less commonly utilized in 

research literature for thermal camouflage applications that are likely better suited for use in 

creating camouflaged fabrics. Some potential approaches for applying a low emissivity coating 

could be the use of knife coating, electrospinning, centrifugal spinning, or a coform process. 

Some sources also mention fairly simple processes for modifying their substrate’s surfaces, such 

as by laminating on a metal film or a film containing metal particles [39], [41].  

Centrifugal spinning might be used to produce low emissivity nonwoven fabrics with 

nanometer sizes fibers. Its production would involve a polymeric solution containing metal 

nanoparticles being rotated at high velocities in a spinning head containing spinning nozzles. At 

a high enough velocity, centrifugal force overcome surface tension causing the polymeric 

solution to be extruded out of a nozzle and thus creating a nanofiber. As papers, such as 

“Centrifugal Spinning: An Alternative Approach to Fabricate Nanofibers at High Speed and Low 

Cost,” point out this process can often produce high quality fiber coatings that are of similar 

quality levels as to those electrospinning produces, but with much high production speeds [83]. 

Assuming this method could be successfully used to make low emissivity coatings, it could 

likely offer a higher productivity, similar quality product as electrospinning. Currently, this 

method has very limited to no research readily available on it in relation to low emissivity 

coatings created for use in thermal camouflage. Consequentially, research would need to be 

undertaken to determine its viability. 
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 The coform method can produce a fabric containing the desired low emissivity particles 

by spraying the particles in between meltblown fiber streams during processing. The meltblown 

fibers then bond to form a web that holds the additive in place on the fabric. Figure 25 shows an 

illustration representative of the coform process. In the drawing, it can be seen that the additive 

come into contact with the still unsolidified meltblown fibers right when it comes into contact 

with another fabric or stream of meltblown fibers. The structure then goes through the rollers and 

the meltblown fibers solidify effectively bonding the additives to the fabric. This method would 

likely require high initial capital investment for machinery, but could offer a low per unit cost 

while having very high production outputs. However, there currently seems to be little to no 

evidence of this method being previously researched for low emissivity thermal camouflage 

producing capabilities. Thus, research would have to be undertaken to assess its viability. Its 

high productivity could offer some long-term cost savings for manufacturers, which is very 

useful for the purposes of driving down the high cost of military fabric coverings. Future 

research in this area would be of high interest to those involved in thermal camouflage, 

especially if it indicated that the method was capable of making highly durable and effective 

thermal camouflage coatings. Other methods discussed for creating low emissivity coatings 

included spraying, sputtering, and vapor deposition methods [16], [39], [84], [85].  

There appears to be a notable lack of literature focused on optimizing the production 

process parameters of thermal camouflage production techniques. Instead literature on this 

subject, tends to focus primarily on how the coatings formulation can be altered to make the 

lowest emissivity. There also appears to be a need for research focused on comparing the 

effectiveness of the methods. From a practical standpoint, researching the knife coating 

technique’s abilities for producing the coatings used for thermal camouflage presents a good 

Figure 25: Illustration of coform process. 
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opportunity for a variety of reasons. It is a relatively common process within industry and thus 

knife coatings should be something many manufacturers are capable of doing. It also has 

attractively low machinery and production costs, while having moderately fast production 

capabilities. Given the high cost of some military fabrics, utilizing low cost, but moderately fast 

coating processes are advantageous for helping to keep the product’s price as low as possible. It 

has the potential to help insure fabric processing is streamlined because other necessary coatings, 

such as ones for adding FR properties, could potentially be combined with the low emissivity 

coating. In other words, the materials added to make the fabric FR could possibly be applied 

during the low emissivity coating. It usefully is able to apply coatings that are highly viscous, 

which could present problems for some other methods [82]. Thus, research on the overall 

effectiveness and optimization of knife coatings for creating low emissivity coatings for thermal 

signature management would likely provide useful insight into a coating technique with practical 

textile coating capabilities. 

ii. Knife Coating 

Knife coating is a method for depositing thin polymer films onto substrates. This process 

is referred to by several names, such as tape casting and doctor blading. Knife coating has 

widespread use within the textile industry due to its ability to relatively quickly produce thin 

films that cover large amounts of surface area [86]. However, it is not commonly used in 

research to produce low emissivity coatings and thus its ability to create effective low emissivity 

coatings for camouflage applications has only limitedly been explored. It does occasionally get 

mention in camouflage patent literature as one of the possible methods used to metalize fabrics, 

but useful information, such as process parameters and effectiveness seem to not be present. For 

instance, patent US 7832018 B2, “Camouflage suit” mentions it as a possible method to 

metallize fibers [47]. In research literature it has at least one notable publication. “Polymer-based 

pigmented coatings on flexible substrates with spectrally selective characteristics to improve the 

thermal properties” utilizes it to apply a colored, low emissivity coating on polyester with the 

intended application being to improve thermal management in architectural fabrics [67]. In their 

research, they utilized a doctor blade to apply a coating consisting of polyurethane, aluminum, 

and in some cases colorant. They were able to achieve emissivities of about 0.1 to 0.3 in a 300 

µm thick dry coatings produced via a knife coating [67]. The produced samples did not have 

their glossiness and reflectivity assessed in the lower wavebands, which are relevant to insure a 
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coating is appropriate for multispectral camouflage use. It would also be interesting to view their 

samples with a thermal imager to make some basic visual assessments. Beyond dry coating 

thickness, no other doctor blade coating parameters were reported and only one coating thickness 

was created. It would be useful to see how coating thickness effects the coatings properties and if 

a thinner coating would achieve similar emissivity results. Researchers utilizing other coating 

methods have observed that the amount by which emissivity decreased as thickness increased, 

exponentially declined the further thickness was increased. This may be an indication that a 

thinner coating may have a similar emissivity value. For instance, one report featuring an Al 

coatings observed that their coating’s emissivity became nearly constant once thickness reached 

40 µm [87]. Since they did not report the ratio of aluminum to binder and pigment or investigate 

the effects of altering coating and coating process parameters it would be useful for further 

research to cover those areas. Overall, the research completed in that paper is one of the best 

indicators in the literature of this method’s strong potential for creating low emissivity coatings 

in thermal camouflage fabrics. However, it does potentially leave room for work exploring 

optimization of the process and for more research to further cooperate the coating methods 

usefulness for thermal camouflage. 

The defining feature of the knife coating process is that a textile substrate is put into 

direct contact with a coating fluid, which is then spread over the textile in a uniform fashion by a 

fixed knife, which is also known as a doctor blade [88]-[91]. After the coating is spread, the 

fabric typically goes through a drying oven. In this coating method, the gap between the knife 

and the textile controls the thickness [86], [88]-[90]. It is generally considered ideal for a still wet 

coating to have a thickness of about half the gap size [91]. The exact gap size varies based on 

factors such as viscosity, surface energies, surface tension, and the speed the factor is moving at 

underneath the blade [91]. The dry coating’s thickness can be estimated by the equation below. 

 [91], [92] 

In this equation g is the gap distance between the fabric substrate and the doctor blade in cm, c is 

the concentration of solid material within the coating in g/cm3, and ρ is the density of the final 

film in g/cm3 [91], [92]. 



 

61 

 

As the fabric moves underneath the blade it naturally wants to shift downward due to the 

coating being forced into and against the fabric. Some substrates, such as loosely woven fabrics, 

are not always well suited for this process due to a high risk of strikethrough occurring [89], 

[90]. The technique used to control the gap size varies and is the main distinguisher in the types 

of knife coating. The most common techniques being knife over air, knife over table, knife over 

roller, and knife over rubber blanket [88]. The variations of knife coating are shown in Figure 26 

[88].  

 

Figure 26: The various knife coating types [88]. 

 

As the figure shows, the key variation in the types of knife coating is simply what is 

under the fabric when it goes under the doctor blade. Knife over air has issues with controlling 

the gap because of its lack of support underneath the fabric and thus suffers from having 

inconsistent metering of its coatings. The knife over roller and over table techniques avoid the 

gap consistency issues by having more rigid support, but suffer from breakage issues that occur 

when fabric faults run under their knife [88]. This is due to the rigid nature of their support 

systems preventing fabric movement when fabric flaws come into contact with the blade. This 

prevented movement causes the fabric to become caught on the blade and causes fabric 

breakages. Consequentially, these two production varieties have limited ability to run fabric with 

irregularities. The over rubber blanket method mixes the advantages of the previous methods and 
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thus avoids their issues. It manages to limit fabric breakage due to fabric inconsistencies and 

helps maintain a consistent fabric gap by using a non-rigid support [88].  This makes utilizing the 

knife over rubber blanket method very useful for coating fabrics with irregularities. However, if 

the fabric has a very consistent structure it is often best to use the other methods, such as knife 

over roll with a steel roller since they provide greater accuracy than the less stiff options [91]. 

Logically, the fabric’s quality is a large determiner of which of the knife coating techniques is 

used. 

 The next element that controls a knife coating’s properties is the geometry of the blades. 

The three main varieties can be classified as pointed, round, or shoe. These blade geometries can 

be seen in Figure 27, which was taken from the “Handbook of technical Textiles [88].” 

 

Figure 27: Knife geometries. From left to right, pointed, round, and shoe [88]. 

 

The pointed or sharp blade scrapes the highest amount of the coating off during the 

process and thus makes the thinness coatings [88]. The round blade’s shape limits the amount of 

scraping and thus produces a thicker coating [88]. The thickest coatings are produced with the 

shoe blade. The longer the shoe blade the larger the amount of coating that can go under the 

blade [88], [91]. The use of a shoe blade is also an effective method of mitigating the tendency 

for PVC, plastisols, and some polyurethane resins from building up on the back of the doctor 

blade [91]. When buildup starts to accumulate, it can eventually become large enough that it falls 

off and becomes a contaminate in the coating [91]. The angle of the knife also affects the 

coating. Angling a blade forward will cause it to act like a wedge and thus result in the coating 

mixture being pushed into the fabric [91]. Blades angled backwards result in a lower add-on 
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coating being produced [91]. In the case of the shoe blade, the knife can actually act similarly to 

a pointed blade if angled forward, which adds a level of versatility to this blade type [91]. For 

coatings that tend to have issues with buildup occurring on the back of the knife blades, the shoe 

blade represents a good option. Overall, the choice of blade will largely be dependent on the 

desired thickness of the coating and the contents of the coating. 

In previous work featuring the production of tent materials that used knife over rubber 

blanket coatings, coatings were applied at thicknesses of 0.4 to 2.7 mm and then were 

dried/cured at temperature of 120 °C for 2-10 min [56]. The time of course being varied based on 

the thickness. While these parameters were used when applying coatings that provided flame 

retardancy and not camouflage related ones, it still may be useful as a reference to what an 

appropriate thickness may be for a tent fabric. When using this method for research purposes, 

parameters, such as gap size, processing speed, number of passes, and viscosity of the coating 

could be adjusted during experimentation to determine optimum processing conditions. 

Researchers may also want to investigate how thin a coating can be created while featuring 

viable properties. 

iii. Electrospinning 

Electrospinning is a fiber production method that is capable of producing nanometer size 

fibers through the application of a strong electric field to a polymeric solution. Figure 28 shows 

an illustration of a possible set up for electrospinning. Electrospinning for use in producing low 

emissivity coatings for stealth applications has a very limited presence in literature with 

Figure 28: Example of an electrospinning set up. 
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“Preparation and characterization of copper oxide particles incorporated polyurethane composite 

nanofibers by electrospinning” seeming to be the only readily available work [75]. An 

electrospinning set up typically involves a polymeric solution (often held in a needle/syringe) 

being hooked up to a high voltage source while a grounded collecting surface placed a certain 

distance away. The high voltage results in an electric field being produced between the 

polymeric solution and the ground. Given the application of a strong enough electric field the 

solution’s surface tension will be overcame resulting in a polymeric jet forming and moving 

towards the collector surface. Solvent evaporation occurs during the jets travel to the collector 

leading to the formation of a solid fiber on the collecting surface. This explanation is simplified 

and meant to give a basic description that avoids terms that would not make sense for describing 

certain forms of electrospinning. Electrospinning setups vary in how the solution is presented to 

the electric field. For instance, many setups hold the solution in a needle/syringe, but others are 

needleless and might utilize a roller or disk. 

Electrospinning has been a popular subject in literature primarily due to its ability to 

produce nanometer size fibers with extremely high specific surface areas. Setting up and 

preparing for electrospinning in a lab is fairly simple given the relatively small area needed for 

equipment, the small amount of material needed for fiber production, and the only main need 

outside of equipment and materials being a high voltage source. This has likely also aided in 

electrospinning’s popularity among academics for research. Unfortunately, the easy laboratory 

production does not necessarily translate to easy high volume manufacturing production, which 

has to some extent hampered the techniques adoption in industry. This issue is somewhat 

diminished when the intended product is a thin nanometer layer, but for products that require 

thicker nanofiber mats production speeds can be an issue. Academic and industrial work 

continues to be actively undertaken to continue improving this production method’s ability for 

large industrial use. 

The electrospinning process’s fiber production depends on several sets of factors. These 

factors are commonly split into three groups, solution, environmental, and electrospinning 

parameters [93]. The solution parameters can be broken down into solution conductivity, 

viscosity, polymer concentration, surface tension, dielectric constants, solvent volatility, and 

additive concentrations [93]. The electrospinning/process parameters vary slightly depending on 

the type of electrospinning. For instance, needle or orifice diameter is not a parameter in 
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needleless electrospinning. However, in general distance from ground, flow rate, and electric 

field strength are always factors in the electrospinning/process group [93]. Environmental 

parameters include the temperature, air flow, air pressure, humidity, and the composition of the 

atmosphere in the work environment [93]. Some other factors may also influence the fiber 

production, but the ones mentioned represent some of the most significant ones. All of these 

factors affect the quality and overall properties of produced fibers. For instance, an increase in 

flow rate will cause fiber diameters to increase and if pushed beyond the solution’s critical flow 

rate value, then this can result in incomplete drying during the polymers flight towards the 

collector, which results in the formation of beads [93].  

Polymeric solutions containing metal nanoparticles should be able to be electrospun into 

low emissivity nanofiber coatings for thermal camouflage applications. The produced coating 

should have a low emissivity given its metal components assuming the polymer utilized is 

relatively transparent to thermal infrared radiation or does not significantly interfere with the 

metals interaction with thermal radiation. Electrospinning could be an attractive production 

method due to its ability to produce thin, high quality coatings. Fiber production rates would 

likely be of little issue since for thermal camouflage applications it would likely be desirable to 

keep the coating layers very thin. The process’s ability to make a thin fiber coating 

advantageously allows for desirably thin, lightweight, and more flexible outer coatings to be 

produced when compared to many other production methods. Strength of the produced coating 

could be an issue, but it may be addressable through incorporating other coatings into a design. 

Overall, more work needs to be undertaken to assess electrospinning’s effectiveness at producing 

low emissivity coatings. 

H. Standards  

i. Tents 

For military tents, there are various relevant performance standards. MIL-PRF-44103 

provides some general performance requirements for military cloths that are intended for use in 

tents and tent related products [94]. It also provides requirements and guidelines that can be used 

to classify a fabric in one of four performance levels and which standards should be used for 

each property evaluation. However, it does not give clear guidance for thermal IR camouflage 

designs, properties, or testing. This makes sense given that other military specifications seem to 

relegate this performance area to the performance of netting systems than can be used with tents. 
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It is possible that NATO’s STANAG No. 2882, “CAMOUFLAGE REQUIREMENTS FOR 

TENTS AND CANVAS SHELTERS,” might contain some useful insight into how to assess 

camouflage, but the document is not approved for public access and has been marked as 

cancelled. It is also possible that the document may only apply to non-thermal camouflage 

requirements. Overall, a researcher working on thermal camouflage with an interest in tents can 

obtain good background knowledge on which tests are appropriate to test their sample’s non 

camouflage related properties with from MIL-PRF-44103. However, the researcher will still 

need to determine appropriate testing methods for evaluating thermal emissions and signature 

management properties.  

Researchers intending to create actual prototype tents will likely fine “Test Operations 

Procedure (TOP) 10-2-175 Tents and Shelters” to be useful. This report lists the standards and 

procedures for testing the viability of rigid wall, soft wall, and hybrid wall shelters [95]. 

Logically, a researcher with tent prototypes can always set up their tent in a natural background 

and assess how noticeable it is with an imager. However, in most cases researchers and designer 

will likely just be working on the fabric going into the tent or another component of the tent. In 

these instances, TOP 10-2-175 will likely be of little use to the researcher.  

One telling element of these government standards are their lack of elements pertaining 

to thermal camouflage. This would seem to indicate that there is currently not a clear 

requirement for it in military tents or that maybe the public doesn’t have access to the documents 

detailing it. However, in the specification MIL-PRF-44271C, Performance Specification Tent, 

Extendable, Modular, Personnel (TEMPER) they mention that a TEMPER tent is required to be 

compatible with ULCANS [1]. This requirement shows that the ability of tents to achieve 

camouflage in the thermal region will tend to be largely dependent on the assistance of 

ULCAN’S. The TEMPER standard usefully gives some specific requirements for a military tent, 

such as tear strength and acceptable weights for the various fabrics used in tents. 

ii. ULCANS 

Designers of ULCANS will likely be interested in briefly reviewing their relevant 

publicly available military standards and specifications. MIL-PRF-53134, “PERFORMANCE 

SPECIFICATION, ULTRA-LIGHTWEIGHT CAMOUFLAGE NET SYSTEM” and MIL-C-

53004B, “MILITARY SPECIFICATION: CAMOUFLAGE SCREENING SYSTEMS, 
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MODULAR, LIGHTWEIGHT, SYNTHETIC, WOODLAND, DESERT AND SNOW” are two 

of the most relevant military specifications and standards. MIL-PRF-53134 appears to still be 

active, but MIL-C-53004B has been listed as inactive for new systems and thus is somewhat less 

useful [96]. Usefully most military standards, including these two are available for free to the 

public. Outside of the military standards and specifications, researchers may want to consider 

reviewing a ULCANS operational and maintenance manuals for extra details. The military 

standards usefully clarify the test methods that should be used for various properties and the 

performance requirements for each. For instance, MIL-PRF-53134 sets breaking strength 

requirements for the netting system’s materials prior to exposure with woven materials as 55 lbs 

in the warp and 80 lbs in the fill and for the garnish 40 lbs in the warp and 40 lbs in the fill [60]. 

It also gives some guidance for how to assess the netting system’s thermal signature. According 

to the standard, testing should be carried out outdoors in an open area with full sun exposure with 

the ULCANS set up according to how it is intended to be used in real world application [60]. 

The ULCANS should be observed by imagers after the system has been exposed to solar 

radiation levels greater than 800 W/m2 for at least one hour [60]. Wind speeds should be less 

than 2 m/s during testing and the imager should be at ground level while it observes the netting 

systems in the 3 to 5 µm and 8 to 12 µm wavebands [60]. In order to calibrate the thermal imager 

for this test, a black body material with an emissivity of 0.98 or more that is shielded from 

incident solar radiation should be placed at the same distance away from the imager and used to 

determine the ambient blackbody temperature for reference purposes [60]. The imager should 

identify which portion of the fabric is the hottest and look at that 1 m2 of the fabric for its 

measurements [60]. Measurements being taken at least three times with at least 15 minutes 

between measurements. The difference between the netting fabric’s temperature and the ambient 

temperature should be determined for each measurement and averaged. The same test should 

then be performed at night when cloud coverage is less than 10 percent, but there is no 

requirement for wind speed, except for it to be recorded with the measurements [60]. The night 

time measurements should also be on the piece of fabric that appears to have the coldest 

temperature [60]. In order to conform to specifications, the ULCANS average temperature 

difference from the ambient temperature must be no more than 8°C with a difference below 5°C 

being preferred [60]. It also seems odd that they do not clearly specify what if anything to put 
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under the ULCANS. This seems odd since a ULCANS may be covering something near ambient 

temperature or something much hotter than the ambient. 

Thermal transmission requirements are also given with the described test method 

involving hanging a layer of the fabric in front of heated plates and then taking measurements. 

The ULCANS must allow less than 30% transmission to pass, but it is desirable for there to be 

less than 20% [60]. Thermal transmission standards are necessary since too much transmission 

would lead to an imager reading potentially disadvantageous amounts of radiation from the 

object being hidden. Other useful elements of the standard include specifications for the 

acceptable levels of specular reflection in the 0.6 to 2.5 µm wavelengths. This wavelength range 

encompasses the upper end of the visible, the NIR, and most of the SWIR. Measurements for it 

are performed on 1 m2 samples using a spectroradiometer. It is interesting that the document only 

has operators evaluate the ULCANS at those wavelengths. It is possible those wavelengths were 

chosen because that test was focused at protection from active and passive detection devices that 

operate in the lower wavebands, such as night vision and image intensifiers. It is also possible 

that the military found that the reflection characteristics of ULCANS in the upper wavebands to 

be generally insignificant or to be a nonissue for thermal camouflage. In that case, maybe it is 

due to the fabrics tending to be slightly transmissive to thermal radiation, which would hinder the 

amount of specular reflection that occurs. Alternatively, maybe the leaf-cut design of many 

ULCANS results in a surface that not only has the appearance of being textured, but also acts 

more like a texture, rough surface causing there to be less coherent reflection in the upper 

wavebands. Of course it is merely speculation why the upper wavebands do not require 

reflectance testing. 

It also should be noted that an emissivity value range for the fabric is not specified in the 

standard. This omission is likely for two reasons. First, the readings of the imager will be based 

on how the fabric reflects radiation in addition to how much radiation it emits. Secondly since 

temperature influences emissions, designs may have their thermal camouflage achieved most 

predominately from featuring elements that strongly encourage advantageous heat exchanges. 

Thus, in some designs a simple emissivity measurement may not be adequate for properly 

evaluating the netting system’s abilities to provide thermal camouflage. The other takeaway from 
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the described method is that it appears many of the camouflage related tests require a completed 

ULCANS, which makes it less useful for evaluating small fabric samples.  

iii. Thermal Measurements and Emissivity 

There are several standards that exist with focuses on how to measure a surface’s 

emissivity. For instance, ASTM has E1933-14 “Standard Practice for Measuring and 

Compensating for Emissivity Using Infrared Imaging Radiometers,” C835-06 “Standard Test 

Method for Total Hemispherical Emittance of Surfaces up to 1400°C1,” C1371−15 “Standard 

Test Method for Determination of Emittance of Materials Near Room Temperature Using 

Portable Emissometers1,” and E408-13 “Standard Test Methods for Total Normal Emittance of 

Surfaces Using Inspection-Meter Techniques1.” Each of these methods being ideal for certain 

instruments, materials, and situations. Standards C835-06 and C1371−15 are intended to 

primarily be used with emissometers, whereas ASTM E1933-14 is intended for use with infrared 

imaging radiometers. ASTM C835-06 is useful for researchers needing to take emissivity 

measurements of metal and graphite samples at very high temperature levels and is accurate for 

taking measurements at temperatures of up to 1400°C [97]. For those investigating thermal 

camouflage and coatings on fabric substrates, ASTM C835-06 is likely not a logical choice. 

All of the ASTM standards, except E408-13 specified or strongly implied that the object 

should be opaque in the wavebands being analyzed [97]-[100]. E408-13 appears to be capable of 

collecting useful data from semitransparent materials, but it does note that to use reflectance data 

to accurately determine the emissivity of semitransparent materials the investigator may need to 

apply a correction that will account for transmittance losses [98]. Researchers investigating 

thermal camouflage will likely have infrared imaging radiometers available to them given the 

importance of qualitative visual measurements in their research, but they may not have separate 

instruments designed exclusively for taking emissivity measurements. Thus, ASTM E1933-14 

will be very useful to some researchers, especially those that only have access to infrared 

imaging radiometers. For those with access to an emissometer, the other ASTM standards may 

be preferable and should be considered for use. 

ASTM E1933-14 describes two techniques for determining emissivity and how to 

compensate for emissivity in thermal measurements when examining opaque materials. The 

methods are split between contact and noncontact thermometer techniques and require the ability 
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to heat or cool the sample to the point that its temperature is at least 10̊C different from the 

ambient temperature [100]. Both methods require at least three measurements to insure accuracy 

and determined emissivity values should be presented with the measurement temperature and 

waveband [100]. The contact method uses a thermometer to determine the actual temperature of 

the material in the area where emissivity is intended to be measured [100]. A thermal imager is 

then used to read the temperature of the same area of the sample with the imager’s emissivity 

control being adjusted until the temperature reading matches that of the thermometers reading 

[100]. Thus, allowing for an emissivity measurement to be taken. The noncontact method 

modifies a portion of the substrate’s surface by applying a material with a known emissivity 

level that is preferably over 0.9 to a portion of the surface [100]. The applied material is given 

time to reach the same temperature of the substrate it is applied to and has its temperature 

measured by the imager with the emissivity of the imager set to the material’s known emissivity 

[100]. Then the thermal imager is used to measure the temperature of an adjacent unmodified 

portion of the specimen with the imager’s emissivity adjusted until the temperature reading 

matches that of the area of known emissivity [100]. The method thus allowing for emissivity to 

be measured. Keysight Technologies and Fluke both produce thermal imaging radiometers. Both 

companies in some of their Application Note documents describe and recommend a highly 

similar test method to ASTM E1933-14 be used to determine and account for unknown 

emissivity [29], [101]. This strongly indicates it would be one of the best methods to use for 

determining emissivity if researchers do not have specialized equipment, setups, and accessories 

intended primarily for emissivity measurements. For measurements that utilize a known 

emissivity source for reference, a high emissivity black paint or tape, such as vinyl electrical tape 

are recommended for use [29], [100], [101]. 

 For a researcher wanting to develop their own testing setup for measuring fabric 

emissivities it can be useful to read over paper’s such as “LABORATORY PROCEDURES FOR 

USING INFRARED THERMOGRAPHY TO VALIDATE HEAT TRANSFER MODELS,” and 

“Engineered emissivity of textile fabrics by the inclusion of ceramic particles” in addition to 

ASTM E1933-14. The first of these paper is published by ASTM and describes how to use an IR 

camera to determine emissivity by taking a material with unknown emissivity, material of known 

emissivity (0.95 or higher), and a highly reflective material and heating them on a plate to a 

temperature that is at least 10 to 20 ̊C above ambient [102]. The materials are then 
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simultaneously imaged several times by an IR camera that has its emissivity value set at 1 [102]. 

The following equation is then used to calculate emissivity with several measurements taken and 

averaged to improve accuracy: 

 

𝑒𝑠𝑎𝑚𝑝𝑙𝑒 =
(𝑇𝑠𝑎𝑚𝑝𝑙𝑒

4 −𝑇𝑟𝑒𝑓𝑙𝑒𝑐𝑡
4 )

(𝑇𝑟𝑒𝑓
4 −𝑇𝑟𝑒𝑓𝑙𝑒𝑐𝑡

4 )
𝑒𝑟𝑒𝑓 [102] 

The same equation was used in this research when determining emissivity from IR 

camera images. “Engineered emissivity of textile fabrics by the inclusion of ceramic particles” 

provides inspiration into how a user may construct their testing setup to avoid unwanted heat 

transfer in the form of convection and conduction. Their research utilizes a copper metal disc 

with a heating pad attached to its bottom to heat samples, a reference reflector, and a blackbody 

approximation in the form of several 0.125 inch diameter holes that are drilled in the disc as 

reference blackbody approximation [103]. The Cu disc is surrounded by foam to provide 

insulation and a clear plastic tube is placed on top of the disc to help limit convection [103]. A 

camera then views the samples from above. This paper and its testing setup’s design have one 

major flaw in their use of high aspect ratio holes as blackbody approximations. The use of small 

holes as a reference was an issue because they were not connected to a cavity, which reduced 

internal reflectance, absorbance, and ultimately outward emittance. Generally, blackbody 

resonant chambers/cavities are small holes connected to a cavity within a material, which in 

theory is suppose to allow for large amounts of internal reflectance, absorbance, and ultimately 

outward emittance. Thus, with a cavity present holes are sometimes described as a valid 

blackbody approximation. The absence of a cavity made the viability of these holes as a proper 

blackbody reference suspect. Their performance is discussed more in the Test Methods section of 

the paper. With a change in their high emittance reference a similar setup could be created that 

should be well suited for making meaningful emissivity measurements. 

Overall, “LABORATORY PROCEDURES FOR USING INFRARED 

THERMOGRAPHY TO VALIDATE HEAT TRANSFER MODELS,” “Engineered emissivity 

of textile fabrics by the inclusion of ceramic particles,” and ASTM E1933-14 were used as the 

primary basis and inspiration for the testing setup constructed for this research, which is 

described in the Test Methods section of this paper. 
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I. Concluding Remarks 

Thermal infrared detection capabilities and camouflage has come a long way since it first 

became relevant in military applications. Modern camouflage often needs to address detection 

risk in multiple spectrums. Fabrics that achieve this with some success are mainly limited to 

ULCANS. ULCANS’s employ low emissivity outer coatings, a design that promotes ventilation 

and allows for shape disruption, and air gaps between the netting system and object being hidden 

to help achieve this goal. Previous works have indicated the requirements of low emissivity 

components in the coatings and give directions in regards to how particles should be shaped. For 

low emissivity coatings that may be employed in fabric designs, aluminum flakes with leafing 

properties are likely one of the better low emissivity particles that can be utilized in coatings. 

They also will ideally contain a binder that is visibly opaque, but thermally transmissive or 

incorporate metal oxides to help prevent undesirable visible reflectance. Some potentially useful 

binders being polyethylene or polytetrafluoroethylene (PTFE) fluorinated ethylene propylene 

(FEP), perfluosoralkoxy copolymer resin (PFA), and polyolefins. Some concerns arise over 

coatings potentially having risky amounts of specular reflection or suspicious levels of visible 

reflection, but they can hopefully be addressed during a researcher’s experimentation. Literature 

has several shortcomings. It generally lacks a precise means of evaluating coatings on their 

utility in military thermal camouflage applications. Most textile centric manufacturing process 

have low coverage and most relevant work does not use textile substrates. There also is no work 

comparing properties derived from varying the type of textile substrate. Despite patent literature 

mentioning covering low emissivity coatings with opaque, but thermal transmissive top coatings 

to remove visible reflectance issues, there is limited research literature surrounding the topic. 

Optimization and comparisons of the merits of different processing techniques used to produce 

low emissivity coatings also is lacking. It is possible that some of the lacks in literature are due 

to low emissivity coatings for camouflage purposes being related to military applications. This 

might be resulting in some researchers works not being made publicly available. Overall, thermal 

infrared camouflage and work on low emissivity coatings has certainly come a long way, but still 

has many research opportunities.  
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III. Materials 

 Aluminum flakes samples suitable for use in aqueous systems were received from Eckart 

Effect Pigments. Their sizes were 9, 14, and 55 μm and their product names are Hydrolan S1100, 

S2100, and 212 respectively. All of the Al flakes come in a powder form and have a thin layer of 

silica on them that is designed to give the flakes greater stability. The 9 and 14 μm flakes are 

described as having a silver dollar shape and have a narrower size distribution than the 55 μm 

flakes. The 55 μm flakes have a lamellar shape. The Eckart representative noted the main 

difference between the two variety being the largest flake size had a wider particles size 

distribution than the smaller two flake sizes. A difference that he described as causing some 55 

μm flake coatings to appear less glossy than the 9 and 14 μm varieties. Pricing per pound was 

$68.81, $64.33, and $15.72 for Hydrolan S1100, S2100, and 212 respectively. A black pigment 

dispersion (AIT-744 Lampblack Dispersion) from DayGlo was utilized to create a blackout 

coating on tent fabric. 

 Impranil® DLU from Covestro (formerly Bayer MaterialScience Coatings Raw 

Materials) was used as the binder. Impranil® DLU is a Aliphatic polycarbonateester-polyether 

polyurethane dispersion of 60% solid in water. Borchi® Gel A LA from Borchers was used as a 

thickener. 

 Fabric substrates consisted of a 70 gsm woven polyester and a tent fabric. The tent fabric 

consisted of 70/30 ratio PET/PE nonwoven with a TPO coating on its back side. The TPO 

coating is a polypropylene. The tent fabric was provided with the TPO back coating already on 

it. PET/PE nonwoven without the TPO back coating was also utilized in experiments. Nonwoven 

Kraton with basis weights of 100 gsm and 200 gsm was used in lamination. The Kraton 

nonwoven was produced from pellets at North Carolina State University. Polyethylene film with 

thickness of 2 and 4 mil was utilized for lamination. Common red fishing line (Cajun Line Red 

Lightnin’ 30 lb tested, 0.023 inch average diameter) was also utilized in this work. The fishing 

line was used as a representation of LED fibers due to their similar size when examining ways to 

attach it to substrates. It was also selected due to its cheap, readily available nature. LED fibers 

were provided by MIT, but due to the low amount of LED fiber available and the difficulty of 

acquiring more red fishing line was used to represent it. 
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IV. Emissivity Testing Setup 

A.  Construction 

An emissivity testing setup was constructed to allow for emissivity testing to be 

performed in a timely and relatively simple manner. The main components of the setup were a 

round five inch diameter silicone rubber heating blanket with adhesive (Omega), k-type self-

adhesive thermocouples (Omega), melamine foam (McMaster-Carr), Super 88 Black Electrical 

Tape, a 5.5 inch diameter aluminum disc, a 5.5 inch diameter copper disk, a 5.5 inch inner 

diameter clear acrylic tube (McMaster-Carr), a temperature controller, a small square piece of 

polished brass, a FLIR t650sc IR camera, and a tripod. Both the copper and aluminum disk were 

purchased as six inch diameter disc and machined down to 5.5 inch diameters. The aluminum 

disc was used in the setups first iteration and contained several 0.125 inch diameter holes in it. 

The finished construction of the first iteration can be seen in Figure 29. Figure 30 provides a 

view from above of the first iteration’s plate. The samples included on it were fabric that was not 

coated and these samples were placed on the plate to assist with initial troubleshooting and 

familiarization with the setup, software, and equipment. Figure 29 and 30 show the placement 

Figure 29: First Iteration of Testing Setup 
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and configuration of the components in the setup. The bottom of the disc has a heating pad 

placed in its middle, which is connected to a temperature controller.  

Figure 31 shows how the heating pad is placed in the center of the disc. The heating pad 

is secured to the disc by a pressure sensitive adhesive, which came from the supplier already on 

the pad.  The controller has a k type thermocouple connected to it that is adhered to the upper 

surface of the metal disk to allow for monitoring of surface temperature. The IR camera is held 

directly above the metal disk by a tripod. A piece of polished brass is placed on the disc as a high 

reflectance reference. An approximate black body reference is also placed on the disc and used in 

conjunction with the reflective references to allow the determination of emissivity of samples. 

 

Figure 31: Heating Pad on Underside of Disk 

Figure 30: View of Plate from Above 
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The final iteration of the testing setup is shown in Figure 32 and consists of a metal disc 

surrounded on its sides and bottom by foam insulation to limit conductive heat transfer and with 

a plastic tube surrounding its top surface to limit convective heat transfer. As can be seen the 

setup is very similar to the first iteration shown by Figure 29 and 30, except the metal disc is 

switched to a copper disc without holes. 

 To insure the testing setup was taking reasonable measurements and was thus suitable for 

use in determining emissivity, some troubleshooting and initial testing needed to be done prior to 

taking experimental measurements. The first iteration of this setup featured an aluminum disk. 

The material choice was due to its lower cost than copper and because it was intended to be used 

to assess the validity of using 0.125” diameter holes as approximate blackbody references as was 

done in “Engineered emissivity of textile fabrics by the inclusion of ceramic particles.” To test 

Figure 32: Final Iteration of Testing Setup 
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its validity as use for a reference of ~ε=1 a piece of black electrical tape of known emissivity of 

0.96 was placed on the disc beside the hole. The disc was then heated and the hole and tape were 

observed by the camera. It holes in the disc clearly were registered by the camera as having 

temperatures multiple degrees lower than the tape indicating that their effective emissivity was 

not high enough to be used as an approximation for a perfect blackbody. This led to the decision 

to use the high emitting tape of know emissivity as the high emitting reference for 

experimentation. The holes as explained earlier probably had their effectiveness diminished by 

not being attached to a cavity. This led to the decision to construct a second iteration of the 

testing setup using a new disk made out of copper without holes. The final iteration of the setup 

was used for all experimentation after trial 1. Copper was chosen as the material in the second 

iteration because its higher thermal conductivity should further reduce the risk of a notable 

thermal gradient forming in the metal disk during heating. 

In order to insure the temperature controller was accurately reading temperature a 

calibration had to be carried out. An ice bath was created using distilled water and ice made from 

distilled water that was placed in a container. The ice bath was allowed to sit for 10 minutes 

undisturbed to allow for equilibrium to be achieved and any excess water was removed from the 

bath as needed. Then a probe connected to the temperature controller was placed in the bath to 

read temperature and the temperature controller’s temperature offset was adjusted until a correct 

temperature was registered for the bath.  

 Some possible ways to improve upon setup would be to reconstruct it with a 6 inch 

diameter copper plate and a 6 inch diameter heating pad. Additionally, there would presumably 

be less potential for a heat gradient if the heating pad was the same diameter as the metal disk. In 

the current set up a 5.5 inch diameter copper disk is used with a 5 inch diameter heating pad. 

This could contribute to there being a very slight temperature gradient being present. 

 

B.  Testing Methodology 

 Emissivity testing was performed on the previously described testing setup constructed 

for this research. Three samples were taped onto the highly thermally conductive metal disk 

when testing was to be performed. The attachment procedure first involved placing a piece a tape 

around the entire perimeter of the fabrics top surface. The samples then had one side placed on 

the plate so that one side was taped down. Then the edge of a hand was moved slowly from the 
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taped down side of the fabric to its other end. This method of attachment was used to help to 

insure the samples were placed without ridges or air gaps between them and the heated metal 

surface. When a sample appeared to not be placed flatly against the heated plate it was removed 

and reattached or a new sample from the fabric was cut and placed on the disc. 

The temperature controller was set to on and was allowed to raise the plate to a 

temperature near its set point of 115 ̊F. Before measurements were taken the setup was allowed 

to become relatively stable at a temperature and measurements were not taken at any 

temperatures outsides of plus or minus 1.2 ̊F of the set point. Measurements were not always 

taken when the temperature was at exactly 115 ̊F due to the controller tending to stabilize at 

temperatures slightly higher or lower than 115 ̊F. The temperature reading of the temperature 

controller was noted for each measurement taken. Samples were given appropriate time to reach 

a stable temperature on the heated plate before measurements were taken. When viewed by the 

camera increases in temperature readings could easily be seen as the samples were being heated 

up to the plate’s temperature. 

 Once samples were allowed to reach the plate’s temperature, the temperature of the plate 

was within 1.2 ̊F of the set point, and the plate temperature was being kept relatively stable 

measurements were taken. During this time a computer running FLIR Tools was attached to the 

camera so a live stream of the IR imaging could be observed. If any sample’s had suspicious 

measurement values or appeared to have a noticeable cool or hot spot, then a closer visual 

inspection was made of the sample. This secondary inspection was to insure that no obvious 

defect in the sample was present and to assess if the sample was not laying flat on the plate. 

Occasionally, this extra inspection led to a sample being taken off and reattached properly to the 

metal plate due to improper attachment being discovered. When it was observed that all samples 

were properly attached, then data measurements would commence. Emissivity settings for 

measurements were set to one as described in the literature. Sections of each reference surface 

and each sample surface were selected for measurement in the software. Figure 33 shows an 

image of what the screen and captured data can look like during testing. Each box in the image 

has the temperature of its area reported as can be seen on the right portion of the image. Each 

sample variety was imaged at least ten times since temperature of the heated plate and the exact 

measured temperature values by the IR camera were in slight fluctuation. The final values were 
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averaged to get the overall emissivity value and to help improve the accuracy of the 

measurements. 

 
Figure 33: Image Five of the 55 µm Flake Coating at 30 wet weight %. 

 

Measurements acquired from the setup were then used with the following formula to 

determine emissivity: 

𝑒𝑠𝑎𝑚𝑝𝑙𝑒 =
(𝑇𝑠𝑎𝑚𝑝𝑙𝑒

4 −𝑇𝑟𝑒𝑓𝑙𝑒𝑐𝑡
4 )

(𝑇𝑟𝑒𝑓
4 −𝑇𝑟𝑒𝑓𝑙𝑒𝑐𝑡

4 )
𝑒𝑟𝑒𝑓 [102] 

In Figure 33, it is important to note that the “Refl. temp.” value is not the Treflect value 

used in the equation. The Bx1 value is Treflect because it is the temperature reading of the 

referenced highly reflective surface when emissivity is set at 1. Also since emissivity is set at 1, 

the “Refl. temp.” value in parameters does not influence the measured temperatures. 

Additionally, the high emitting reference points are on the disc and their average temperature 

was used as Tref. They also gave an idea of how much of a temperature gradient might be present 

on the disc. The high emitting spots had detected temperatures that were typically within 0.1 to 

0.2 ̊F of each other. 

It should also be noted that there was no observed difference in temperature readings 

when the default humidity level in the software was adjusted to the actual room humidity. Thus, 

humidity level in the room should not be a source of error in the emissivity measurements taken. 
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V. Experimentation 

A. Low Emissivity Coatings 

i. Overview and General Procedure 

 

The creation of low emissivity coatings consisted of three trials and one pretrial. The 

pretrial’s purpose was to allow for learning of the coating technique and to check the accuracy of 

the curing time and temperature. The coatings applied during it were polyurethane without Al 

flakes and with some BorchiGel to thicken the chemistry. The first trial was to determine if the 

coatings were capable of reducing emissivity, estimate upper limits of weight percentage, and 

refine technique. The second trial’s main purpose was to create coatings on tent fabric. The third 

trial was to create more tent fabric coatings and to create a series of Al flake coatings on the 

woven polyester fabric. This trial allowed for examining of the effect of flake size and Al wet 

weight percentage. 

Coating chemistry was prepared by manually mixing in all components, except the metal 

flakes. Metal flakes were slowly added into the chemistry while a magnetic stirring bar was 

utilized to allow for proper dispersion. A magnetic stirring bar was utilized while mixing in 

metal flakes in all chemistry preparation performed after the first trial. In the first trial, manually 

stirred coating chemistry was observed to have significant dispersion issues, which led to the 

future use of the magnetic stirrer bar. The base chemistry formula for a plain polyurethane 

coating is shown in Table 5. This simple formulation acted as the basis for the other Al and black 

coatings produced during experimentation. During the trials, the amount of BorchiGel in each 

coating was modified to maintain an appropriate viscosity. For instance, when Al microflakes are 

added to the base formulation there is an increase in the chemistry’s viscosity, which led to less 

BorchiGel thickener being needed in the coating chemistry.  

Table 5: Formulation of Polyurethane Coating 

Material Amount (g) 

Impranil DLU 50 

BorchiGel ALA 1.5 

 

Samples were prepared using a hand knife coating method with a six inch blade. The 

knife’s gap size was 2.8 mil for all low emissivity coatings. Fabric samples were taped to an 
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oven sheet to prevent movement and insure they lay relatively flat against the sheet during 

coating application and during curing. In order to produce coatings, the knife was set on the 

fabric, chemistry applied in front of it, and then the knife slowly pulled across the surface. 

Occasionally another pass over the fabric was done immediately after the first to help smooth the 

surface. Generally, any coating put on woven polyester was placed on three different fabric 

sheets so that three samples were produced. 

 Curing was performed at 90 ̊C for 6 minutes for all samples produce in each trial, which 

was confirmed as sufficient in the pretrial. After curing, samples were removed from the oven 

and allowed to cool at room temperature before further handling.  

ii. Trial 1: Testing for Emissivity Reduction 

 

Trial 1 was primarily done to refine technique, determine necessary adjustments for 

future trials, estimate upper Al wet weight percentage limits, determine how much chemistry 

should be created to allow for the coating of three pieces of fabric, and to determine if the 

coatings were capable of reducing emissivity. For this trial, coated fabric was created using all 

three particle size varieties at 20% wet weight and additionally an Al 14 μm flake coating at 40% 

wet weight. Preparation of chemistry was done via manual stirring. Samples were cured for six 

minutes at 90 ̊C, which was shown to be sufficient for good levels of curing. 

When the coatings were produced notable dispersion issues and some clumping of flake 

particles within the chemistry were observed. The clumps of Al particles were observed to 

sometimes cause streaks in the coatings. Overall, these two issues caused notable defects in the 

coatings that caused future coatings to be mixed with a magnetic stirrer bar. It was observed that 

the 9 and 14 μm coatings at 20% wet weight had some blackout coating characteristics. The 20 

Figure 34: Peeling of 14 μm Al Coating at 40% Wet Weight 
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wet weight percent Al 14 μm coating had an add-on weight of ~228 %. The Al 14 μm coating at 

40% had some issues with peeling as shown in Figure 34. Streaking issues can also be seen in 

Figure 34. Difficulty was experienced when applying the 40% wet weight coating due to it 

having a very high viscosity and acting more like a very thick paste. 

There was one sample of 14 μm Al flakes produced at 40% wet weight of high enough 

quality to allow for an emissivity test to be performed on it. Testing of all samples from trial 1 

were done on the first iteration of the testing setup. In addition to Trial 1 samples, a PU control 

coating produced in the pretrial and a Columbia Omni-Heat™ shirt were tested. The Columbia 

Omni-Heat™ shirt is a black polyester shirt with aluminum foil dots on its inside. Figure 35 

shows how the Columbia Omni-Heat™ shirt appears when viewed in the testing setup. It is 

designed to keep wearers warm by reflecting heat back inwards. It was used as an initial 

benchmark because it was an easily obtainable consumer product that utilized a low emissivity 

surface to improve insulation, which is an application of interest. The result can be seen in Table 

6. 

 

 

 

 

 

 

Figure 35: Omni-Heat™ shirt 

as viewed by IR Camera 
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Table 6: Trial 1 Results 

Al Size (μm) Wet Wt. % Dry Wt. % Emissivity 

Benchmark Omni-Heat™ N/A N/A 0.441 

PU Control (No Al) N/A N/A 0.824 

14 40 52.7 0.202 

9  20 29.2 0.366 

14 19.82 29 0.356 

55 19.75 28.8 0.387 

 

The results in Table 6 clearly show a reduction in emissivity confirming the coatings do 

work. The peeling observed at 40% wet weight indicated this is likely the upper limit for both 9 

and 14 μm coatings due to the high viscosity of coatings produced with them. 55 μm coatings are 

less viscose due to have larger particles in them, which means a 40% wet weight coating at this 

particle size may be possible. The observation of some blackout coating characteristics as 

mentioned earlier made this a property of interest in future coatings. Hesitation was made when 

drawing conclusions from trial 1 due to the dispersion issues experienced in the coatings, the use 

of the less than optimal first iteration of the testing setup to determine emissivity, and because 

the process of making and coating the fabric was still in its refinement phase. These samples did 

not have their emissivity measured on the second iteration of the testing setup since new coatings 

with better dispersion were planned to be done at the same wet weight metal percentages.  

 

iii. Trial 2: Tent Coatings and 55 μm at 40% Wet Weight 

 

In trial 2, coatings were performed on tent fabrics. Additionally, a 40% wet weight 

coating of Al 55 μm was produced to see if it would have peeling issues like the 40% wet weight 

Al 14 μm coating. The tent fabric was coated with a plain polyurethane, a traditional blackout 

coating, and a polyurethane coating containing 14 μm particles at 20% wet weight. The Al 14 

μm flakes were chosen for use on the tent substrate due to them having the lowest emissivity of 

the three flakes sizes used in coatings in trial 1. The traditional blackout coating was created 

using a lampblack pigment dispersion that was mixed with polyurethane and a thickener, 

Borchi® Gel A LA. The mixing of Al flakes into the other coatings in this trial was done with a 

magnetic stirrer bar and noticeable improvements were observed. Thus, a magnetic stirrer bar 

was used in subsequent coating chemistry mixing. 



 

84 

 

Tent fabric was chosen as a coating substrate due to some commercial and all military 

tents requiring blackout fabric effects. To reiterate, the blackout effect being the blocking of all 

visible light from traveling through the fabric. Thus, the earlier observed indications of a 

blackout effect from Trial 1’s samples made coating tent fabric with this chemistry of interest. 

Both the produced coated fabric samples containing black pigment and those containing Al 

pigments successfully blocked light. The pure polyurethane coating did not block light. It also 

was not significantly distinct from the fabric it was placed on due to it being highly transparent. 

In the Visible Light Interaction section of this paper greater investigation and discussion on 

blackout effects in samples was provided. The tent fabric was coated without any notable issues 

with the coatings. A few small defects were present, but they appeared to be due to substrate 

issues. Emissivity measurements were later taken for the tent fabric samples and are included in 

the emissivity summary table in the next section. These positive findings led to more tent fabric 

being coated in trial 3.  

 The 40% wet weight al 55 μm coating was able to be produced without peeling being 

experienced, which indicated that the larger particle size of this flake variety allows it to be used 

at higher wet weight percentages than the smaller flake varieties. This makes sense given their 

smaller specific surface area and their lower contribution to chemistry viscosity.  

 

iv. Trial 3: Effect of Particle Size and Weight % 

 

Coatings were prepared for 9, 14, and 55 μm Al flakes at wet weight percentages of 5, 

10, 20, 30%. The 14 μm flakes were also used in a 15% wet weight coating. Additionally, tent 

fabric was coated. A 14 μm flake at 20% wet weight coating was applied, a black coating was 

applied, and a 14 μm flake at 20% wet weight coating was applied on top of a black coating. The 

resulting fabric can be seen in Figure 36. In the figure, the Al coating is on the left, the black 

coating is in the middle, and the Al coating over the black coating is on the right.  
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Figure 36: Coated Tent Fabric Varieties 

 

The polyester fabric coated with three different flake sizes at a variety of weights has its 

emissivity data summarized in Table 7. The table also includes the emissivity data of a control 

piece of woven polyester, Columbia Omni-Heat™ shirt, Al coated tent fabric, and black coated 

tent fabric from previous trials. 

Table 7: Emissivity Summary Table 
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The asterisk (*) beside the results for the black coated tent fabric is to indicate that this 

coating’s emissivity measurements are based on ten readings taken on one sample piece of tent 

fabric. Normally ten readings are taken on three sample pieces and then averaged. The reason 

this measurement is based on readings for only one sample for the black coating was because it 

was determined the other two samples measured for it were not sitting flat on the heated plate. 

Difficulty with getting the black coated samples to lay flat was largely due to the substrate 

tending to curl and being warped in some places. 

Standard deviation notably decreased as wet weight % went up for each flake size. This is 

likely because it is easier to have flakes form overlapping scale layers as weight % goes up. It 

seems logical for imperfect dispersion to cause higher levels of deviation at smaller weights 

since the lower amount of particles at lower weight %’s should make it easier for holes or gaps to 

be present in the coatings. The mild clumping at the 9 μm flake size provides a reasonable 

explanation for this size having higher deviation than the others. 

The 9 μm flakes had a blackout at wet weight % at an above 20%.  Wet weight % of 15% 

was not tested for 9 μm. This size did notably not register a reading with the luxmeter at 10%, 

but visually it failed the inspection. The 14 μm flakes acted as blackout coatings from 15 % wet 

weight and up. At 15 % there was a starry night effect where light would penetrate in some spots. 

Thus, at this weight it was not a perfect blackout. The 55 μm never managed to be a blackout 

coating. 

When looking at emissivity it can be useful to view it graphically so the effects of size 

and weight percentage can both be easily assessed at once. Figure 37 shows emissivity by weight 

percentage for Al flakes sizes 9, 14, and 55 μm. The red, green and blue polynomial fit lines 

represent 9, 14, and 55 μm flakes coatings, respectively. 9 μm had an adjusted R2 of ~0.970. 14 

μm has adjusted R2 of ~0.992. 55 μm has adjusted R2 of ~0.989. All of the fit lines had Prob > F 

that were less than 0.001. 
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Figure 37: Emissivity by Weight for All Flakes Sizes 

 

 

It was clearly observed that the 14 μm flakes had the lowest emissivity at every weight 

%, except at 5 %. Its poorer performance at 5 % could likely be the result of coating issues as 

samples at this weight were noted as having clumps within them and some other coating defects. 

It is possible that if these defects were not present that the coatings might have had a lower 

emissivity than the 9 and 55 μm flake coatings. The findings of Al 14 μm flakes typically 

performing better than the other two sizes further supported the previous decision to utilize this 

flake size in coatings placed on tent substrates. 

Overall, the best performing flake size was largely as expected. The results likely being a 

combination of several factors. Smaller particles cause a coating’s chemistry to become notably 
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more viscose due to their larger surface area to volume ratio allowing for higher levels of particle 

to particle interaction and contact with the binder. The high surface area to volume ratio 

negatively makes them more prone to oxidation, which increases emissivity. The higher potential 

for particle to particle interaction and contact also is likely a factor in why they had a tendency to 

have mild amounts of clumping when mixed with the binder. The clumping inherently reduces 

particle dispersion thus further increasing emissivity. The high levels of particle to particle 

interaction may also make them more resistant to movement in the coating chemistry during 

curing, which could make them less prone to moving upward with the evaporating solvent (in 

this case water) during curing. If this is the case, then a lower concentration of the particles near 

the coating surface would occur, which would result in a somewhat higher emissivity coating.  

The largest flakes may have a lower emissivity because their size may tend to lead to less 

parallel orientation of flakes relative to the coating surface. The reason being that larger flakes 

take up more area and thus any large disoriented flake will have a greater area in which it can 

impact the orientation of surrounding flakes. Thus, larger disoriented flakes should have a 

greater impact on the orientation of other surrounding flakes than a small disoriented flake 

would. This would likely cause it to be more difficult for 55 μm flake coatings to properly form 

an overlapping scale like structure and thus cause a tendency for gaps to occur or for there to be 

areas where radiation can enter. Since the larger flakes have more surface area, the small 

misalignments of the flakes causes the coating to have a sparkling appearance. The sparkle being 

do to the small misalignments and large areas of the flakes making the amount of reflection at 

the varying flake angles noticeable to the human eye. 

There is also potentially some sort of goldilocks effect occurring. The goldilocks effect being 

essentially for a given metal weight, it was ideal to have moderately sized particles and a 

moderate amount of them relative to the amount contained in the other coatings of the same 

metal wet weight percentage. While small size particles have a lot of individual particles per a 

given weight, their effective surface area per particle is low and there has to be highly extensive 

flake contact or overlap to cover an area and prevent radiation penetration. With large particles 

there is a small amount of particles, but each one covers a larger amount of a plane. Thus, less 

contact or overlap is needed to cover a given area, but there is such a small amount of particles 

that any gaps that do appear or any non-optimal placement/packing of flakes can lead to large 
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areas where radiation can enter. Additionally, any misalignment in individual flakes would have 

a greater effect on the coating’s performance. 

Emissivity decreased for each particle size as its weight percentage in the coating 

increased as expected. This makes sense as larger amounts of particles allow for more layers of 

flakes to form and increase the chance of flakes aligning with each other and having a scale 

effect that makes it easier to prevent IR from traveling far or all the way through the coating. 

There also appears to be a decline in emissivity improvements (the lowering of emissivity) with 

further increase in metal weight percentage after 20%. It is assumed that if weight percent is 

increased further that benefits as far as emissivity will start to become negligible or the coating 

would no longer have viable properties due to issues such as peeling. It is assumed that in each 

coating variety particles are not randomly aligned, but are instead oriented relatively parallel to 

the coating’s surface. This assumption is partially because flakes tend to align more parallel to a 

surface after curing due to film shrinkage caused by evaporation of solvent. This orienting 

mechanism is illustrated in Figure 38. 

 

Figure 38: Curing/Shrinkage Orienting Effect on Flakes 

 

It’s also observed that all of the coatings excluding the 55 μm flake coatings, start to 

demonstrate slight blackout properties as the wet weight percentage of flakes goes up. This 

makes sense because gaps for infrared radiation to go through should become less as the number 

of particles go up as extra flakes are available to fill in the gaps and to form a layered structure. 

As penetrable gaps decrease emissivity logically goes down. The starry night in the 15 % wet 

weight of 14 μm is also an indication of gaps that need to be filled in. The gaps are likely 

indications that there is not enough particles at lower weight percentages to adequately form a 

continuous scale like structure within the coatings. Alternatively, this could be an indication that 
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dispersion was not optimal in the coating. The 9 μm flakes might have the lowest emissivity at 5 

% wet weight simply due to much larger number of flakes in its coating compared to the coatings 

with larger flakes. This may have allowed for a more even spread of flakes across the coating 

than the larger sizes and thus to there being less big gaps for radiation to penetrate through. Some 

possible support for this explanation for the 5 % wet weight is how they look when a light is 

shown through them. The smaller flake size at this weight appears to have a more consistent 

level of shine through the sample. However, the 14 μm has more noticeable and contrasting dark 

spots. A similar, but slightly more noticeable effect can be seen in the 55 μm coating as well. The 

55 μm flake coatings might not be creating blackout coatings due to difficulties forming well 

oriented scale like flake structures in the coatings for the reasons discussed previously. The next 

section discusses further how that samples interacted with visible light. Emissivity by wet weight 

percentage for each individual flake size is show in Figure 39, 40, and 41 for 9, 14, and 55 μm 

flake coatings, respectively. Each of those figures shows a polynomial fit line and the 9 μm flake 

one also has a linear fit line in it. Both the polynomial and linear fit line were shown for the 9 μm 

flake coating because they had very similar R2 values. 

 

 
Figure 39: Emissivity by Wet Weight Percentage for 9 μm Flakes 
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Figure 40: Emissivity by Wet Weight Percentage for 14 μm Flakes 

 

 

 

 
Figure 41: Emissivity by Wet Weight Percentage for 55 μm Flakes 
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B. Visible Light Interaction 

One of the most interesting properties observed in the coatings was a blackout effect 

observed in some of the coated fabrics. It is not entirely surprising that a low emissivity coating 

could block visible light, but in the relevant literature it was not mention or discussed in detail. A 

possible reason for it being omitted from similar research could be due to low emissivity coating 

research being primarily focused on IR wavelengths longer than the visible since in many of 

applications researchers were intending them to be used in longer wavelengths are more relevant. 

It’s also possible that other researchers did not investigate this area or did not consider it 

important enough to mention due to it being not of primary relevancy. Lots of research on low 

emissivity coatings utilizes non-textile substrates, which in many cases are naturally opaque and 

would not allow light penetration. Thus, this property was irrelevant and not observable in many 

previous works. This property was of high interest given the lack of discussion of this 

characteristic in literature and the usefulness of this property for tent and many other fabric 

applications. Given that many traditional blackout coatings function is predominately just to 

block light, the prospect of a low emissivity coating blocking light while also having additional 

functionalities could make them an attractive option in applications currently featuring blackout 

coatings. 

Initial investigation was simplistic with samples viewed with a phone’s camera light on 

underneath them. The purpose being simply to do a quick assessment of whether light was being 

blocked and reflected. To investigate this property further both a luxmeter and visible 

assessments were made of the samples while being in a black room. During inspections, the 

samples were laid flat on a light source with their low emissivity side facing the light source. 

Coated samples not containing Al, had their coated sides placed towards the light during testing 

as well. At first a brief assessment was taken with the lights left on. Then the lights were turned 

off and the sample observed again. When light could be seen coming through the samples the 

luxmeter was set on the samples and a reading taken. Since the amount of light coming through 

is dependent on how bright the light is underneath the sample it is important to know its 

brightness. The light source was determined to be producing 43,300 lux by placing a luxmeter 

directly on it. A lux is the equivalent of 1 lumen per square meter. The results of the assessments 

are summarized in Table 8. 
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Table 8: Blackout Effect and Luxmeter Readings 

Substrate Coating Blackout Lux 

Polyester None No 36000 

Polyester 9 μm 5% No 2100 – 2200 

Polyester 9 μm 10% No, Slight Blocking No Reading 

Polyester 9 μm 20% Yes No Reading 

Polyester 9 μm 30% Yes No Reading 

Polyester 14 μm 5% No 5720 – 7000 

Polyester 14 μm 10% No 2 – 235 

Polyester 14 μm 15% Semi Starry Night 1 

Polyester 14 μm 20% Yes, some spots No Reading 

Polyester 14 μm 30% Yes No Reading 

Polyester 55 μm 5% No 14100 

Polyester 55 μm 10% No 4000 

Polyester 55 μm 20% No 1493 

Polyester 55 μm 30% No, Slight Blocking 5 – 148 

Tent 14 μm 20% Yes, a few tiny dim spots No Reading 

Tent Al Over Black Yes No Reading 

Tent PU No 21100 

Tent Black Yes No Reading 

Tent None No 22100 

 

 As can be seen in Table 8, the plain material without a coating or with a plain 

polyurethane coating blocked little of the light of the 43,300 lux light source. The lux readings 

for plain polyester, plain tent, and tent with a polyurethane coating were 36,000, 22,100, and 

21,100 lux, respectively. Thus, fabric without an Al or black pigment containing coating can be 

expected to only block about half of the light for tent fabric and a quarter of the light for woven 

polyester can be expected to be blocked. The relatively small reduction of light transmitted 

through the tent material with and without the polyurethane coatings of 1,000 lux is an indication 

that the thin polyurethane coating has a relatively minor effect on visible light transmittance. 

Figure 42 shows the high level of light transmission in a sample not featuring a light blocking 

coating. Other key findings were that 55 μm coatings never produced a full blackout effect 

though at higher weight percentages it did start to block/reflect a notable amount of light. This is 

likely an indication that the large particle size negatively affected the flake’s ability to become 

aligned and form an overlapping scale-like structure. This failure manifesting as a failure to be 

able to prevent all light from penetrating through the coating. It should be noted that if dimmer 
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lights were used, which would be typical in most lighting situations that this coating may be 

effective enough to reduce transmittance of light to negligible levels. This would be interesting 

to explore given the much lower cost of 55 μm flake pigments. The 9 and 14 μm coatings did 

manage to have blackout effects starting at 20% and 15%, respectively. It should be noted that no 

9 μm coatings were produced at 15% weight and thus this percentage was not tested. 

Some of the coatings were noted as having a starry night effect, which means there was 

essentially full blocking, except for in small points were light shinned through. This shine 

through was often not sufficient to allow for a reading by the luxmeter. It should be noted that 

the stars were noticeably dimmer on the tent fabric that had a few spots than on the polyester 

samples. A starry night defect is a known occurrence in commercial blackout coatings and often 

is often an indication of a coating defect, such as improper dispersion, pigment clumping, or an 

error in chemistry application. An example of a coating with a starry night effect can be seen in 

Figure 43. If these coatings were prepared at an industrial level with proper dispersion and 

application being carried out, then it is assumed that the stars would disappear and that a full 

blackout effect would be achieved.  

Visually examining the samples this way allowed for some understanding of how they 

were blocking light, the coating’s flake distribution, and if there were dispersion or coating 

quality issues. Coating quality issues can be observed as streaks of little light or large light 

blocking indicating a thin or thick streak. Figure 44 at the end of the section, shows the 

appearance of a streak defect in a coating as indicated by high light transmittance in a line shape. 

Figure 42: Light Penetration Through a 

Sample Without A Light Blocking Coating 
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The appearance of very dark areas could be an indication of a clump of flakes. Light spots could 

be an indication of a gap in flakes or an area of poor flake orientation. It could also be an 

indication of some slight dispersion issues. 

Overall, the positive blackout results observed in many of the 9 and 14 μm coatings along 

with their relatively low emissivity made those coatings of interest for future trials. Ultimately, 

14 μm flakes were used in all the Al coatings applied to tent fabric due to it generally having the 

lowest emissivity of the three sizes. 

 

 
Figure 44: Streak Defect in Two Different Coated Fabrics 

 

Figure 43: Example of a Starry Night Coating 
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C. Line Attachment Trials 

i. Purpose of Lines 

As discussed already tent fabrics were a substrate of interest for these coatings due to the 

desirability of having a blackout effect in their material. The nature of the use case scenario of a 

tent dictates that it will often not be near an established power grid. The typical tent for both 

civilian and consumer uses often being in the wilderness or an open area. It is desirable to be 

able to keep a tent’s interior space illuminated. The blackout effect of the black coatings and the 

aluminum coatings are useful since they can meet the mandatory property of a blackout effect in 

tents. Additionally, it is desirable for the inner surface of the tent to not simply block light from 

escaping by absorbing it, but to instead reflect the light back inwards to further aid in the 

illumination of the tent. Low emissivity coatings allow for a greater amount of light to be 

reflected back inwards than a traditional blackout coating due to the Al coating’s reflective 

nature. This usefully means less energy should be needed to illuminate the inside of a tent 

containing an inner low emissivity coating, which is highly useful since tents are often in places 

where electrical power is in short supply. 

One possible way to illuminate a tent is by integrating LED fibers into the inner surface 

of the tent fabric. The typically low energy requirements of LED fibers and their ability to 

provide a light source that is fully integrated into the tent’s structure makes their use compelling 

and attractive to both the military and consumers. However to insure the LED fibers can be 

successfully attached to the fabric by a manufacturing friendly method, different attachment 

methods needed to be trialed. The two methods trialed were laminating and knife coating them to 

the fabric surface. It is also possible that the lines could be attached to the substrate by 

meltblowing a thin transparent nonwoven film on top of the lines and the inner tent surface. 

Given the small supply of LED fibers available for use in experimentation it was 

undesirable to utilize them in attachment trials. Consequentially, a monofilament fiber of similar 

thickness was needed to represent the LED fibers during attachment trials. For this red fishing 

line was chosen due to its low cost, monofilament nature, large supply availability, and its 

availability in thicknesses similar to the thickness of LED fibers. Red fish line was chosen over 

other color and colorless varieties due to the red color making it easily observable against the 

tent fabric. This also allows for an experimenter to be able to quickly assess whether the 

attachment method rendered the underlying line unobservable. Figure 45 shows the red fishing 
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line utilized in experimentation. Figure 46 shows the LED fibers. From left to right in the figure 

the LED fibers are off, on in a room that’s already illuminated, and on in a dark room.  

Figure 46: LED fiber with power on and off. 

Figure 45: Red Fishing Line 
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ii. Lamination 

Two trials utilizing lamination were performed to assess this method’s ability to attach 

monofilaments to tent fabric. The first trial laminated 2 and 4 mil thick polyethylene films onto 

the fabric substrates. In order to prepare samples for lamination two pieces of fishing line were 

cut to a size similar to that of the substrate. Then one end of each line was taped down to the 

substrate’s surface with an approximately 1/2 inch gap between each line. Then the fibers were 

pulled taunt so they laid relatively flat and straight across the fabric surface. Then their other end 

was taped down and the fabric was ready for lamination. Table 9 highlights the parameters of the 

trial and the results. Figure 47 shows the sample from run six and demonstrates how the fibers 

were taped down to the surface. Every sample created with a polyethylene laminate experienced 

unacceptable breakthrough both when the substrates were coated and plain fabrics. Figure 48 

shows a sample with an Al coating. This sample clearly failed as can be seen by the obvious 

breakthroughs of the lines.  

 

Figure 48: Failed line attachment of a polyethylene laminated Al coated tent fabric. 

Figure 47: A sample from run six that demonstrates how lines 

were attached to the substrate. 
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The bonding issues experienced indicated that processing temperatures below 135 ̊C led 

to improper melting and bonding occurring.  Overall, the results indicated that polyethylene of 

thickness 2 and 4 mil could not successfully be used to attach a monofilament. 

Table 9: Polyethylene Lamination Trial Parameters and Results 

Run 

# Sample Code 

Temp 

(*C) 

Speed 

(m/min) 

Heat Press 

(bar) Notes 

1 Polyester + PE 2 Mil 100 2 5 No Bonding. 

2 Polyester + PE 2 Mil 100 1 5 

No Bonding. *Used Teflon 

starting at this temp. 

3 Polyester + PE 2 Mil 110 1 5 No Bonding.  

4 

Tent Base C/PO + Al 

+ PE 2 mil  132 1 5 Light bond to Al.  

5 

Tent Base C/PO + Al 

+ Mono + PE 2 mil  140 1 5 

Bonded. Mono breaks though 

film 

6 

Tent Base + Mono + 

PE 2 mil  135 1 4 

Bonded. Mono breaks through 

film 

7 Tent Base + PE 4 mil 135 1 4 Bonded 

8 Tent Base + PE 4 mil 135 1 3 Bonded 

9 

Tent Base + Mono + 

PE 4 mil 135 1 3 

Bonded. Mono breaks through 

film 

10 

Tent Base + Mono + 

PE 8 mil 135 1 3 

Bonded. Mono breaks through 

film. Bubbles between two PE 

4 mil layers 

 

The second trial laminated 100 and 200 gsm Kraton onto the substrates. During this trial 

a variety of temperatures and substrates were used. The trial’s parameters and results are 

summarized in Table 10 at the end of this section. The speed was 1 meter per minute and the heat 

press pressure was 1 bar for each run. Most samples failed due to delamination, transparency 

issues, or breakthrough occurring at the monofilaments. Transparency was most notably an issue 

when the laminate was applied on top of a black coated piece of tent fabric. All samples 1-10 

were more prone to delamination and cut through due to the spacing of the monofilaments being 

only about 0.375 to 1 inch apart. The laminate clearly had trouble stretching over the filaments 

without breaking. Bonding of the laminate to the substrate also tended to be slightly lower 

around the monofilament. 



 

100 

 

It appears that fabric without the TPO coating had less issues with delamination and cut 

through at lines. This is likely due to the line compressing into the nonwoven in these samples 

and thus forming less of a ridge for the laminate to cross. In the fabric with TPO (tent fabric), the 

lines appeared to push less into the nonwoven. This is probably due to the TPO being more rigid 

and less easily compressed than the nonwoven. When the TPO coating was present, 100 gsm 

Kraton appeared to always fail badly. The 200 gsm Kraton did somewhat better with less severe 

failures. In general lamination seemed to work better on fabrics without a TPO back coating. 

The nonwoven + TPO fabrics when laminated appeared to have the Kraton not fully melt, 

especially in regards to the 200 gsm Kraton. This is likely why there was poor transparency. The 

laminated nonwovens had a noticeably more transparent laminates than the nonwovens with 

TPO back coatings. This might be due the TPO changing the thermal resistance of the structure 

and preventing the laminate from being heated as fully. More samples would have been run, but 

originally it was believed more of the samples had passed initial testing. Upon further inspection 

and more bending and folding of the samples, some of them did begin to show signs of failure, 

mainly in regards to monofilament cut through. The supply of coated tent fabrics is limited and 

in effort to maintain material in case further attachment trials or coated samples become needed, 

the number of samples ran with coated fabrics was kept at a minimum. One Al coated fabric was 

laminated, but it experienced delamination. This was likely due to the TPO being present 

because samples with TPO tended to be more prone to delamination and to less melting of the 

laminate. Therefore, it was expected that a coated nonwoven without TPO would not suffer from 

delamination. 

Only two samples fully passed the trial. Both samples that fully passed were laminated at 

105 ̊C. The passing samples were run 1 and 16, which corresponds to a nonwoven with 100 gsm 

Kraton and the nonwoven + TPO with 200 gsm Kraton, respectively. Figure 49 shows the 

laminated nonwoven substrate of run 1. This sample managed to be transparent enough that it did 

not obscure the attached lines and it managed to hold them in place, which was the criteria for 

passing. From handling the sample, it was determined that the Kraton did not laminated as well 

as desired due to a few spots being somewhat loose near the attached monofilaments. This also 

was shown by some places being more noticeably white than others, which should indicate that 

they were not heated up as much as the rest of the laminate. This overall resulted in some places 

being more opaque and having weaker bonding than optimal. Thus, the sample’s performance 
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was passing, but nonoptimal.  Figure 50 shows the laminated nonwoven + TPO substrate. In the 

figure, it can be seen that prior to lamination the parameters of the run were written on the 

sample. After lamination was performed the writing is still viewable indicating there was 

adequate transparency. The transparency however was not ideal as the writing was noticeably 

obscured. The lines were adequately secured to the substrate, but the Kraton appeared to have 

potentially not been heated thoroughly enough to turn the Kraton transparent and allow for 

optimum bonding strength. Thus, the sample did pass the minimum requirements, but its 

performance was not ideal. Overall, the limited performance of the two passing samples 

contributed to this technique not being recommended as a means of attaching the monofilaments 

to a substrate. 

Figure 50: Run 16 sample, nonwoven + TPO laminated with 200 gsm Kraton 

Figure 49: Run 1 sample, nonwoven laminated with 100 gsm Kraton 
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If lamination with Kraton is to be used, then it is recommend that the nonwoven first be 

coated with the low emissivity coating (if desired) then have lines laminated to it with Kraton 

and last have the TPO coating applied to its back. Temperature during lamination should likely 

be 105 ̊C. A temperature of 110 ̊C may also work, but it was not investigated. There are potential 

problems with constructing the tent fabric in this alternative order. For instance, the TPO coating 

on the nonwoven may be very difficult to make with reasonable quality if the monofilament is 

already attached to the substrate. This is due to the risk of the monofilaments making a ridge in 

the fabric that messes up the TPO coating’s quality. Some coating techniques are better suited for 

handling defects, bumps, variations in height, and similar issues than knife over steel roll or knife 

over table, but even so it is doubtful that a ridge created by a monofilament would not effect a 

back coating’s quality. Thus, given the limited success of trialed samples in the three areas that 

determine success (no delamination, high transparency, and no breakthrough at lines) it was 

decided that this method was not well suited for use in attaching a monofilament. Given the 

issues experienced with sample performance during both lamination trials it was determined that 

other attachment methods should be explored and trialed.
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Table 10: Kraton Lamination Trial Parameters and Results 

Run 

# Sample Code 

Laminate 

(Kraton) 

Temp 

(*C) 

Line 

Spacing Marked Delaminated Transparent Breakthrough at Lines 

1 

PE/PET 

Nonwoven 100 105 ~0.375-0.5" No No Yes or Semi No 

2 Nonwoven + TPO 100 105 ~0.375-0.5" No Yes N/A No 

3 Nonwoven + TPO 100 105 ~0.375-0.5" No Yes, at fibers Semi Yes 

4 Nonwoven + TPO 100 115 ~0.375-0.5" No Yes, at fibers N/A Yes 

5 Nonwoven + TPO 200 115 ~0.375-0.5" No Yes N/A Yes, some on right side 

6 

Nonwoven + TPO 

+ Black Coated 200 115 ~0.375-0.5" 

B. 

Coating No No only edges One small tear 

7 

Nonwoven + TPO 

+ Black Coated 200 130 ~0.375-0.5" 

B. 

Coating Yes, at fibers 

No, slightly 

clearer Yes 

8 

Nonwoven + TPO 

+ Black Coated 200 140 ~0.375-0.5" 

B. 

Coating Yes, at fibers 

No, slightly 

clearer Yes 

9 

PE/PET 

Nonwoven 100 115 ~0.375-0.5" Yes Yes, at fibers Yes Yes 

10 

PE/PET 

Nonwoven 200 115 ~0.375-0.5" Yes No 

Yes, foggy at 

lines Yes, some on lines 

11 

PE/PET 

Nonwoven 100 115 1" Yes No Yes Yes 

12 

PE/PET 

Nonwoven 200 115 1" Yes No Yes 

Yes, slightly on right 

line if full bent 

13 Nonwoven + TPO 100 115 1" Yes Yes, at fibers Yes Yes 

14 Nonwoven + TPO 200 115 1" Yes No Yes Yes 

15 Nonwoven + TPO 100 105 1" Yes Yes, at fibers Yes Yes 

16 Nonwoven + TPO 200 105 1" Yes 

No, slight 

attachment 

issue on line 

Yes, could be 

better No 

17 

Nonwoven + TPO 

+ Al Coated 200 105 1" 

Al 

Coating 

Yes, 

everywhere N/A No, but delaminated 
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iii. Knife Coating 

The water dispersed polyurethane’s high levels of transparency and affinity for attaching 

to the nonwoven substrate made it an attractive material to apply to the inner surface of tent 

fabric for protection purposes. These traits also made the prospect of utilizing it to attach 

monofilaments attractive. In order to test this, the polyurethane chemistry was prepared by 

mixing it with a thickener and the chemistry was then applied to the tent substrates via a doctor 

blade. The substrate was prepared with lines in a similar fashion as described in the previous 

section, but each sample had a gap of one inch between its lines. Given the size of the 

monofilaments a blade with a large gap size was needed to allow for the chemistry to completely 

cover or at least mostly covered the monofilament. To allow for this doctor blades with 16 and 

40 mil gaps were utilized. The monofilament diameter size is 0.023 inch, which is the equivalent 

of 23 mil. In order to give samples the best chance of succeeding during the production of the 

samples, it was desirable to have the monofilaments lay as flat against the tent substrate as 

possible. This was desirable because when the filaments sat on the substrate with a gap between 

and the surface they would generally come in contact with the blade during coating. This resulted 

in the monofilament being surrounded by less polyurethane, which should negatively affect how 

well it is secured to the substrate. The monofilament before handling was wrapped around a 

small bobbin and thus when removed from the bobbin it tended to want to curl. This made it 

difficult to have the filaments lay flat against the substrate, despite the filaments being taped to 

the substrates while being held taunt. In order to increase the ease of laying the monofilaments 

flat on the substrate, some of the fishing line was soften in an oven at 90 ̊C for six minutes while 

being held taunt and flat between two pieces of metal. Figure 51 shows how the filaments were 

Figure 51: Top view, side view, and bottom view of filament 

held between metal plates for softening. 
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held against the metal during the softening step. In the top portion of the figure the top of the 

metal is shown. The lines are held beneath the piece of metal and held in place by having their 

ends folded over and taped down. The middle portion of the image shows a side view. The 

bottom portion shows that the two pieces of metal were taped together with the fishing line held 

in between them. In order to further insure the filaments were pressed flat during the softening, a 

1 inch thick, 5.5 inch diameter Al disk was sat on top of the piece of metal to add some 

compressive force on the softening fibers and further help insure they were pressed flat during 

softening. The tendency of the filaments to want to curl was observed to be reduced after 

softening, which made it easier to have the fibers sit relatively flat against the substrate during 

processing. 

The polyurethane coatings were cured at 90 ̊C. Trial and error had to be undergone to 

determine the time needed to cure. It was determined that curing times of 16 and 30 minutes 

were needed for the 16 and 40 mil coatings, respectively. It is possible that further study would 

find that shorter curing times may be acceptable for the coatings or that a higher temperature 

during curing could result in a shorter curing time being viable. Only one sample was produced 

with a knife blade with a gap of 16 mil. Three samples were prepared with a knife gap of 40 mil. 

Two samples of tent fabric were also coated with polyurethane with a knife with a 2.8 mil gap 

without the presence of monofilament on the fabric. These two coatings were produced as a 

reference. 

Each of the produced coatings was shown to be capable of successfully attaching 

monofilament to a tent substrate. Each sample was flexed and bent both vertically and 

horizontally to see if the lines would become loose. All lines attached that did not suffer from a 

handling error passed these tests. It was observed that the 40 mil knife gap coatings had noticable 

bubbles in their coatings. The 16 mil coating has less noticable amounts of bubbles within it. The 

2.8 mil knife coated polyurethane samples had no noticable amounts of bubbles present. Figure 

52 shows the 16 mil gap coating. In Figure 52 the top line is not perfectly straight, which was 

due to a small section having attachment issues. Theses issues were due to a handling error that 

was previously alluded to. The issue caused that section of the line to come off the surface of the 

fabric prior to curing. Some of the air bubbles in a 40 mil knife gap coating can be seen in Figure 

53. The bubbles were asssumed to be due to a chemistry preparation error and to be something 

that can be corrected through refinement of chemistry preparation techniques. For instance, it is 
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possible that small air pockets might have been introduced when the chemistry was mixed and 

that they could have been the source of the air bubbles seen in the final coating.  

Figure 53: PU coating made with knife with 40 mil gap with bubbles present. 

D. Thermal Model 

Altering a surface’s emissivity changes a material’s thermal resistance/conductivity. 

Since one of the possible applications of this technology relates to making more insulative 

materials (or alternatively material’s that more readily release heat) it is desirable to understand 

how the presence of the low emissivity coating effected the thermal properties of the material. A 

steady state thermal model representing the coated tent fabric was constructed to better 

understand these changes in the material’s thermal resistance. This model helps illustrate the 

Figure 52: PU coating created with a doctor blade with 16 mil gap. 
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insulative advantages of incorporating a low emissivity coating into fabric structures, such as a 

tent. The orientation of the fabric in relation to the human body is shown in Figure 54. As the 

figure shows, the low emissivity side of the fabric is facing the human body. The model was 

originally envisioned to represent a human sleeping inside a tent with the outside air being colder 

than the tent interior. 

 

Figure 54: Coated Tent Fabric Construction and Orientation Relative to Body 

 The tent’s thermal characteristics were model as a circuit, which allowed the individual 

resistances of the various tent components to be added up as would be done in an electrical 

circuit. Figure 55 shows the tent fabric’s thermal resistance components modeled as a circuit. 

 
Figure 55: Thermal Resistance of Tent Fabric Modeled as a Circuit 



 

108 

 

 As can be seen in Figure 55, there are conduction resistances for all of the materials and 

radiative and convection resistances at the material’s surfaces. For each surface the convective 

and radiative resistance can be added up as would be done for a circuit with parallel resistances. 

Once the parallel resistances are summed, then they can be summed with the conductive 

resistances. This step is done the same way resistance is summed for resistance in series for an 

electrical circuit. The radiative resistance, Rrad is temperature dependent and thus the temperature 

must be determined for the surfaces to accurately calculate it. For the model, a human sleeping 

with a metabolic rate of 46.56 W/m2 was assumed to be underneath the fabric [104]. Thus, the 

heat moving through the system was treated to be 46.56 W/m2.  

 To construct this model, it was necessary to know the emissivity, the thermal 

conductivity (k), and the thickness properties of the various components. The emissivity values 

were acquired using the testing setup described previously. A Thwing-Albert Thickness Tester 

was utilized to take thickness measurements. Ten repetitions were made and then averaged by 

the machine to determine the mean thickness. Collected thickness data is shown in Table 11. It is 

important to note the thickness of coatings in this table include the thickness of the substrate and 

any other coatings that might be on the substrate. For instance, the black coating’s thickness 

values in Table 11 are for the thickness of the black coating, TPO, and the nonwoven. In order to 

determine the actual thickness of the various coatings applied some additional math was 

necessary. The thickness of the TPO portion of the tent was determined by subtracting the 

nonwoven with TPO’s thickness from the thickness of the nonwoven without TPO. Similarly, 

the thickness of other coated layers were acquired by subtracting the thickness with coating from 

the material’s thickness without the coating. These results are shown in Table 12. The thickness 

values are provided both in μm and mm because the model described later on was originally set 

up for thickness values to be inserted as mm. One interesting thing about the data is most of the 

coating thicknesses are thicker than the doctor blade gap of 2.8 mil (~0.07112 mm).  

Table 11: Thickness (μm) 

  

Tent Fabric PU PET/PE  Black Al Al over Black 

Nonwoven + TPO Coating Nonwoven Coating Coating Coating 

Mean 549.5 638.3 509.9 649.2 686.6 738.2 

SD 38.636 9.215 8.694 11.846 12.05 21.514 

Min 600.9 626.4 484.3 635.6 662.6 713.9 

Max 502.3 651 509.9 677.5 703.2 771.2 
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Table 12: Mean Thickness of Each Component in μm and mm 

Component: PET/PE TPO Al over Black Al Black PU 

Thickness (μm): 509.9 39.6 228.3 137.1 99.7 88.8 

Thickness (mm): 0.5099 0.0396 0.2283 0.1371 0.0997 0.0888 

 

Some components of tent fabric could have their thermal conductivity, k values 

approximated by looking at values reported in reference material. The k for polypropylene, 

polyethylene terephthalate, and polyethylene were estimated to be 0.195, 0.275, and 0.33 
𝑊

𝑚 𝐾
 

[105]-[107]. The densities of the PET and PE were 1.38 and 0.94 g/cm3. Nonwovens tend to 

have a large amounts of pores meaning that there for a given volume of the nonwoven a certain 

percentage of it should be air, which must be factored into the estimation of the conductivity of 

the 70/30 PET/PE nonwoven. Thus, the porosity of the nonwoven needs to be determined. Using 

the rule of mixture, the density of a blend of those polymers without voids was determined to be 

1.248 g/cm3. Similarly, the k value for a blend of these polymers can be estimated to be 0.2915 

𝑊

𝑚 𝐾
 using the rule of mixture. These two calculations are shown below. 

1.38 × 0.3 + 0.94 × 0.7 = 1.248 
𝑔

𝑐𝑚3
 

0.7 ×0.275 +  0.3 × 0.33 = 0.2915 
𝑊

𝑚 𝐾
  

A 3 inch by 3 inch sample of this nonwoven weighed 0.635 grams and had a thickness of 

0.05099 centimeters. The area of the sample was 9 in2, which converts to 58.0644 cm2. By 

multiplying the sample’s thickness by its area the sample’s total volume was calculated to be 

approximately 2.9607 cm3. Using the measured mass and calculated volume the density of the 

nonwoven was determined to be approximately 0.21448 g/cm3. Using the calculated density of 

the sample and the density value of the sample if no voids were present, the porosity was 

calculated to be approximately 0.8281. This calculation is shown on the line below. 

1 −
0.21448

1.248
 = 0.8281 

 The thermal conductivity value of air is approximately 0.027 
𝑊

𝑚 𝐾
  [108]. Thus, the 

nonwoven’s overall conductivity can now be estimated to be approximately 0.07254 
𝑊

𝑚 𝐾
 based 



 

110 

 

on its porosity and the rule of mixtures. Previous researchers have similarly estimated the k 

values of their fabrics [108]. This calculation is shown on the line below. 

0.828 × 0.027 + 0.172 × 0.2915 =  0.07254 
𝑊

𝑚 𝐾
 

The entire model was built in excel. At the end of this section, Figure 56 shows an image 

of the excel sheet containing the thermal model of the tent fabric samples. At the end of this 

section, Figure 57 shows the metabolic rate portion of the thermal model, which is used to 

calculate the appropriate surface temperatures of the tent fabric. This calculation is performed 

based on the heat released by a sleeping human by using the following equations: 

�̇� =
𝑇1  −  𝑇2

𝑅
 

𝑇2 = 𝑇1 − �̇�𝑅  

When calculating the inner surface temperature resistance, R is the combined inner 

resistance. When calculating the temperature of the outer surface the resistance value in the 

equation is the sum of the total inner resistance and the total conductive resistance. The �̇� value 

was based on the metabolic rate of a sleeping human, which is approxiamately 46.56 W/m2 

[104]. It is important to note that the Tsurf_Fabric of the internal portion of the tent must be 

approximately equal in both the metabolic portion of the model and the interior radiation section 

of the model for the calculated total resistance values to be correct. The Tsurf_Fabric of the interior 

radiation section of the model should be adjusted until it matches the value calculated in the 

metabolic portion of the mode. This adjustments occurs due to radiative resistance being effected 

by temperature. In order for the temperature of the inner surface to be valid it must agree with 

the calculated inner surface temperature based on the release of heat. 

The model allows for a user to easily observe how thermal resistance changes based on a 

material’s properties, such as thermal conductivity, thickness and emissivity are modified. All of 

those properties can be adjusted as desired to observe their effects. When the user makes 

adjustments to the model that effect the total interior thermal resistance they must also adjust the 

surface temperatures of the interior radiation section of the model until it matches the 

temperature in the metabolic section to insure accurate calculations. 

Inserting the parameters of tent fabric with Al coatings, black coatings, and polyurethane 

coatings and then comparing their total resistances allowed for the increase in resistance to be 

estimated. The total resistance of the Al coated fabric, black fabric, and plain polyurethane 
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coated fabric were 0.185, 0.133, and 0.135 m2K/W, respectively. When comparing the Al 

coating to the black and plain polyurethane coatings an increase of 39% and 36.95% was 

observed, respectively. This increase in resistance equated to an increase of 0.052 and 0.05 

m2K/W when compared to the black and plain polyurethane coatings, respectively. The outer 

surface temperature of the tent fabric with an AL coating was predicted to be about 2.5 ̊F cooler 

than that of the tent fabric featuring a black or plain polyurethane coating. During those 

measurements, the convective heat transfer coefficient inside the tent during these measurements 

was set as 5 W/m2K and the convective heat transfer coefficient outside of the tent was set as 

31.61 W/m2K. Both values being plausible based on the ranges of possible convective heat 

transfer coefficient for structures used for shelters. The outside coefficient was estimated based 

on the average wind speed of the Syrian Desert, which is 9.25 meters per second [109]. This 

location was chosen since it was a possible use case environment for a military tent. The method 

for estimating the wind was a simple empirical formula that is supposed to be valid for wind 

speeds ranging from 2 to 20 meters per second. 

ℎ𝑐 = 10.45 − 𝑣 + 10𝑣0.5 [110], [111] 

This formula provides an estimate and is not expected to provide the exact coefficient 

that would be present during operation in the Syrian Desert. Since its value was within the range 

of values that are listed as possible for convection by air in the literature it was deemed 

acceptable. It was also thought it was more useful using this estimated value than simply a 

random value picked within the range of plausible convective heat transfers for air. 

Some ways this thermal model could be improved would be by creating an attractive user 

interface and by automating the adjustment of interior surface temperature. Currently, the interior 

surface temperature in the radiative section of the model must be adjusted manually until it is 

approximately equal to the metabolic rate section’s calculated interior surface temperature. Using 

VBA code this could be automated where after a user inputs the various parameters of their 

fabric a button could be pressed that adjusts the surface temperatures until they equal each other. 

This change would make the model more user friendly.



 

112 

 

 
Figure 56: Screenshot of Excel Sheet Containing Thermal Model 

 

 
Figure 57: Screenshot of Metabolic Rate Portion of Thermal Model 
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VI. Summary and Conclusion 

In order for the required measurement of emissivity to be taken during experimentation 

an emissivity testing setup had to be constructed. The setup was deemed capable of easily taking 

emissivity measurements through use of an IR camera, a reference high emitting surface, a 

reference highly reflective surface, a heated plate, and FLIR Tools software. The setup acted as a 

refined version of a previous testing setup described in the literature by replacing the 

approximate blackbody reference of narrow holes with a high emitting piece of black electrical 

tape of known emissivity. The holes had been found to be potentially problematic and to not emit 

as much radiation as the black tape of known emissivity. 

The first stage of experimentation quickly verified that Al containing polyurethane 

coatings could successfully lower emissivity to a useful level, which led to further trials being 

carried out with better dispersion and refined coating techniques. Tent samples were coated with 

a plain polyurethane coating, an Al coating, and a black coating. Woven polyester samples were 

coated with polyurethane containing 5, 10, 20, and 30 percent wet weight of Al flakes of size 9, 

14, and 55 µm. Additionally, a woven polyester sample was coated with 14 µm Al flakes at 15 

percent wet weight. Emissivity was measured for samples to evaluate the effect of wet weight 

percentage and flake size. Samples were also evaluated to see how they interacted with visible 

light and if they could provide blackout effects, which would be useful for tent applications. 

Table 13 provides an overview of both the emissivity and visible light interactions of samples. 

The light source held beneath the samples during the lux measurements still has a value of 

43,300 lux. As expected emissivity was seen to decrease as the wet weight percentage of Al 

flakes in the polyurethane coating increases. Also the 14 µm flakes were observed to have the 

lowest emissivity at any weight percentage, except at 5 % wet weight. While the amount of 

visible light that was able to penetrate through the samples did decrease as the wet weight 

percentage of metal in coatings increased, this property was clearly less important than flake size 

in regards to light blocking in the coatings.
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Table 13: Overall Emissivity and Visible Light Interaction Results 

Substrate Coating Ε St. Dev. Blackout Lux Notes: 

Polyester None 0.824 0.0229 No 36000   

Polyester 9 μm 5% 0.568 0.0213 No 2100 - 2200 Mild clumping 

Polyester 9 μm 10% 0.53 0.0136 No, Slight Blocking No Reading Mild clumping 

Polyester 9 μm 20% 0.363 0.0097 Yes No Reading Mild clumping 

Polyester 9 μm 30% 0.276 0.0092 Yes No Reading Mild clumping 

Polyester 14 μm 5% 0.662 0.0178 No 5720 – 7000 Mild clumping 

Polyester 14 μm 10% 0.48 0.0085 No 2 – 235   

Polyester 14 μm 15% 0.374 0.0086 Semi Starry Night 1   

Polyester 14 μm 20% 0.295 0.0061 Yes, Some Spots No Reading   

Polyester 14 μm 30% 0.219 0.003 Yes No Reading   

Polyester 55 μm 5% 0.654 0.0153 No 14100   

Polyester 55 μm 10% 0.512 0.01 No 4000   

Polyester 55 μm 20% 0.372 0.0085 No 1493   

Polyester 55 μm 30% 0.297 0.0056 No, Slight Blocking 5 – 148   

Tent 14 μm 20% 0.255 0.0056 Yes, a Few Dim Spots No Reading   

Tent Black 0.864* 0.0107* Yes No Reading   

            *based on only one sample measured ten time
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 The 9 and 14 μm flakes sizes were observed to demonstrate blackout effects at 15 and 20 

% wet weight respectively. This combined with their low emissivity made them attractive for use 

as an inner coating in tents because they could both block light, increase insulation properties, 

and reduce the energy required to illuminate a tent. A thermal model developed predicted that 

applying a polyurethane coating containing 14 µm Al flakes at 20 % wet weight would result in 

an increase in thermal resistance of 44 and 41.14% when compared to a black coating and a plain 

polyurethane coating, respectively. The coating could allow for a lower amount of energy to be 

used to illuminate a tent since the coatings reflect visible light back inside the tent as opposed to 

absorbing it as is common in traditional blackout coatings. 

 Since the illumination of tents was of interest, methods to attach LED fibers directly to 

the tent’s inner surface were trialed. The methods were trialed using fishing line as a 

representation of the LED fibers. Lamination was trialed with Kraton and polyethylene films 

with the resulting samples being deemed to have unacceptable properties. Applying a 

polyurethane coating on top of tent fabric with lines on its surface was shown to be a capable 

method for attaching the lines directly to a tent’s inner surface. This method also did not 

negatively impact the visibility of the underlying fabric coating. Thus, it was shown that knife 

coating could be used to attach an LED fiber to a tent’s inner surface and thus that an integrated 

lighting system should be developable. 

 The overall results of the experiment being that Al 14 µm was shown to generally 

produce the lowest emissivity coatings and that higher weight percentages of flakes tends to lead 

to lower emissivity. Low emissivity coatings were shown to notably be capable of blackout 

effects, which makes them applicable for applications where blackout effects are needed. It was 

also shown that low emissivity coatings could provide many useful benefits in tenting 

applications over that of a standard blackout coating. They offer the advantage of being a 

blackout coating, increasing the insulative properties of the structure, and aiding in the 

illumination of the tent, which reduces the energy needed for illumination. This is notable given 

a traditional blackout coating only offers a useful blackout effect. The greater insulative 

properties resulted increased thermal resistances of 41.14 and 44 % when compared to that of a 

black coating and a plain polyurethane coating. The added resistance also allowed for the outer 

surface of the AL coated tent to be predicted to be about 2.5 ̊F cooler than that of the black 

coated and plain polyurethane coated tent fabrics. A method capable of successfully attaching 
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LED fibers to the inner surface of a tent was demonstrated and thus a method capable of use in 

making a more integrated tent lighting system was shown. A next step related to this work would 

be to take a section of Al coated tent fabric and attach the LED fibers to it via knife coating. This 

would then fully demonstrate what an integrated lighting system could look like in a military 

tent. Overall, the lowest emissivity produced on woven polyester was 0.219 for a 14 µm Al flake 

at 30 % wet weight coating. 
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