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ABSTRACT 

Hahn, Jaesik PhD, Purdue University, May 2018. How Heat Affects Human Hair: 
Thermal Characterization and Predictive Modeling of Flat Ironing Results. Major 
Professors: Tahira Reid, Amy Marconnet, School of Mechanical Engineering. 

Many people with curly hair experience heat damage – loss of curls and structural 

degradation of hair – after repetitive use of flat irons. While an array of relevant 

studies provide insight into thermochemical processes behind the phenomenon, prac-

tical tools for flat iron users are unavailable. As a result, people shun heat for fear 

of unpredictable amount of heat damage while adopting other laborious methods to 

satisfy a persevering need for temporary hair straightening. Thus three overarching 

research projects emerge to address the problem. In Part 1, I develop an empirical 

approach to mathematically correlate four flat ironing parameters (a temperature set-

ting, gliding speed, the number of passes, and exposure time) with three metrics of flat 

ironing results (reduction in fatigue strength, straightening efficacy, and permanent 

curl loss). The objective is to establish user-friendly predictive models for flat ironing 

results to help users make informed decisions. Hair samples are exposed to various 

flat ironing conditions to evaluate the impact of each parameter thereby formulating 

predictive models. In the subsequent study, the impact of heat protectants on the flat 

ironing results is exclusively investigated to provide insight into better utilizing the 

widely marketed products for protecting hair from heat damage. In Part 2, thermal 

characterization of human hair and heat transfer modeling serve as a practical tool 

for predicting the amount of heat damage due to flat ironing in conjunction with 

the previously developed predictive models. To measure thermal diffusivity of hair, 

I develop and validate a non-contact infrared thermography measurement technique 

based on the Angstrom Method. Then, these properties are integrated into a 2D heat 

transfer model of the thermal transport between a hair bundle and flat iron utilizing 
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the finite difference method. Experimental validation of the model follows to com-

plete the overarching goal of providing practical tools for decision making before flat 

ironing. This work provides a practical tool that assists flat iron users in making de-

cisions regarding the use of flat irons. It also introduces novel empirical and modeling 

approaches for understanding the effects of flat ironing. Furthermore, it presents a 

novel measurement technique for thermal characterization of polymer fibers. 
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1. INTRODUCTION 

The objective of this research is to better understand the effects of flat ironing con-

ditions on hair straightening results and to develop a practical tool that can help flat 

iron users’ decision making processes and hair scientists’ endeavor to develop related 

products. It was motivated by the observation of heat damage which flat iron users 

often experience with repetitive heat straightening. Such damage usually includes 

increased proneness to breakage, dryness, and loss of curls [1–9]. 

For such a widely used appliance as a flat iron, the mechanism of its work is 

surprisingly little understood. This is evident from the much expressed frustration by 

flat iron users regarding the heat damage. The best advice even the most experienced 

stylists can give is to minimize the use of heat. The manufacturers of the device do no 

better. They recommend specific temperature ranges for different types of hair, but 

the descriptions of hair types and corresponding temperature ranges are inconsistent 

across manufacturers and confound the uncertainty [10]. 

Addressing this topic is important because many people’s lives hinge on the con-

cerns about hair. Satisfactory hair care results can lead to increased positivity in the 

mood [11]; a concern for maintaining hair styles could hinder participation in physical 

activities, which leads to an increased rate of obesity [12, 13]; even though heat is a 

well-known and persistent cause of many hair and scalp disorders [14–17], a great 

number of people continue to depend on heat appliances for styling their hair. In 

fact, observation of an online natural hair community naturallycurly.com identified a 

persistent need for temporary straightening of hair. However, people try to minimize 

the use of heat for fear that it will damage their hair to a larger degree than they 

are willing to sustain. This fear leads customers to explore alternative methods that 

involve wetting hair and air drying it in a straight form [10]. These methods eliminate 

https://naturallycurly.com
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the risk of heat damage at the expense of higher time and energy required to achieve 

inferior and unsatisfactory results compared with heat straightening. 

The investigation of the hair care community identified the lack of knowledge in 

heat straightening as the underlying problem. While the existing studies on heat 

straightening made efforts to understand the thermochemical process through which 

hair is damaged, they provide little practical knowledge that can assist flat irons 

users’ decision making. 

1.1 Past Efforts to Understand How Heat Affects Hair 

There are a number of studies that investigated the effects of heat appliances 

such as a flat iron and curling iron [2–9, 18–21]. Even though they offer a variety 

of ideas for quantifying hair damage and great insight into the phenomena, they 

fall short of providing practical knowledge that flat iron users can readily utilize. 

Moreover, African hair simply characterized the denaturation temperature of hair [9], 

which is the temperature at which the keratin protein (comprises 80% of hair [22]) 

starts disintegrating. The absence of African hair in the scope of the studies is 

surprising given the widespread usage of flat irons and the particular interest in hair 

straightening in this population. However, it is understandable given the difficulty in 

obtaining samples of African hair. 

In addition, there is a collection of studies that offers invaluable insight into ther-

mochemical processes behind hair straightening and resultsant degradation of internal 

structure [1,23–30]. However, they fail to translate the data into the practical knowl-

edge from which ordinary flat iron users can benefit. 

1.2 Past Efforts to Mitigate Heat Damage 

There are three broad approaches employed to mitigate the heat damage to hair: 

using alternative straightening methods, enhancing the performance of flat irons, and 

protecting the hair fibers subjected to heat. 
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Alternatives to heat straightening includes a use of reduced heat by stretching 

hair while blow drying and use of water set principle such as banding, threading and 

wrapping methods [31–33]. However, these methods require more time and energy 

yet yield inferior results compared with simple flat ironing. 

Performance of flat irons have been improved mainly by replacing the material of 

the heating plates [34, 35]. Most popular materials are tourmaline and ceramic. The 

cited patents claim that these materials generate far infrared and negative ions that 

increase the smoothness of hair fibers and their structural integrity. However, such 

effects have not been well verified. 

Various forms of heat protectants, whether it be cream or spray, dry or wet, 

synthetic or natural, are used to protect hair from heat. While lots of anecdotal 

evidence about their effectiveness exists, some studies suggest that they are only 

effective if used out of the typical use context (e.g. repeatedly applying products 

without washing hair in between) [8, 9]. 

1.3 Research Questions 

Having identified clear gaps in addressing the problems flat iron users face, I for-

mulated two research questions to fill the gaps. 

(1) What is the effect of flat ironing under various conditions? 

(2) How is the behavior of heat in human hair related to the flat ironing conditions? 

The first question focuses on the relationships between flat ironing conditions 

(i.e., things that the user can control) and flat ironing results. Identification of these 

relationships would enable development of a decision making tool for flat ironing. 

Then, a subsequent question arises: how does the behavior of heat differ according to 

flat ironing conditions and how is this related to the flat ironing results? Answering 

this question will bring a better understanding of heat transfer through human hair 
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and its effect on the structure of hair, which will benefit both flat iron usage and 

development of related products or technologies alike. 

The dissertation is divided into two parts to answer each question. Before ad-

dressing each question in a separate part, reviews of background literature precedes 

to lay the foundation for mutual understanding of the concepts to appear throughout 

the whole study. This includes basic anatomy of human hair, differences among hair 

types, and existing studies on the effects of heat appliances and heat on human hair. 

It will also elaborate on the existing gaps in academia, industry, and a community of 

consumers, which were briefly touched upon in the previous section of this chapter. 

In Part 1, I evaluate the impact of flat ironing conditions on the results to address 

the first question. To do so, first, I discuss selection of relevant flat ironing parameters 

and quantifiable flat ironing results. Next, a description of the experimental equip-

ment, design, and procedures follows. Then, mathematical correlations between the 

flat ironing parameters and results are established using a statistical tool to account 

for the inherent variability in the individual hair. Part 1 will also contain an empiri-

cal study on the effects of heat protectants which are often marketed to protect hair 

from heat damage. The results of these investigations will offer a practical decision 

making tool that flat iron users can utilize to improve their overall experience with 

flat ironing. Also, they contribute to the community of hair scientists by providing 

novel metrics to assess flat ironing performance and ways to utilize the experimental 

results through statistical analyses. 

In Part 2, I construct a heat transfer model which explains the exchange and 

flow of heat energy between a bundle of hair and a flat iron. The prerequisite of 

modeling is accurate knowledge of thermal properties of hair; thus, a discussion on 

the development of a measurement technique and the measured properties appears 

first. Following this is the development of the heat transfer model, supplemented 

by discussions on the modeling technique and justification of the assumptions made. 

The model will be compared with experimental results to test its accuracy, and a 

discussion on the limitations and possible improvements will follow. The results of 
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the work will contribute to the body of knowledge by offering a novel measurement 

technique for thermal diffusivity of polymer monofilaments and a modeling technique 

for heat transfer through a bundle of fibers, which is broadly applicable beyond hair 

to fabrics and composites. 
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2. BACKGROUND 

While heat damage is experienced by most people using heat appliances, the adverse 

effects are more conspicuous and noted among those with curly hair due to gradual 

loss of curls and inherently fragile hair. Nevertheless, surprisingly little is known 

about how curly hair responds to flat ironing despite the more prevalent usage of flat 

irons among the population with curly hair. In this chapter, I will briefly cover the 

most relevant information about basic hair structure to discuss the differences among 

hair types and to subsequently discuss the gaps in the current studies regarding the 

use of flat iron and its impact. 

2.1 Hair Fundamentals: Morphology and Chemical Composition 

2.1.1 Basic Hair Anatomy 

A human hair fiber can be dissected into three major parts: the cuticle, cortex, 

and medulla [36, 37]. The exterior shell of the hair, called the cuticle, is composed 

of transparent and overlapping, scale-like cells. Inside this outer layer is the cortex, 

which is the structure that accounts for most of hair weight, volume, and mechanical 

strength. Finally, the inner core is called the medulla. 

Cuticle: The cuticle is the outermost layer of hair fiber that protects the internal 

structures from mechanical impacts and other external sources of damage [36]. It is 

composed of multiple layers of overlapping individual cuticle cells, which resemble the 

structure of shingles on a roof. On average, 6-8 cuticles form a cuticle layer at thick-

ness of approximately 0.45m [38]. It is high in cysteine content with contributions 

from high sulfur and ultra high sulfur proteins [39] but comprises only about 10% of 

total hair weight [40]. The thickness of cuticle layer is similar regardless of overall 

hair fiber diameter [41], which makes a thin hair fiber stiffer than a thicker one due 
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to its higher cuticle to whole fiber ratio. The cuticle composes about 10% of overall 

fiber weight [40]. In terms of mechanical properties, the cuticle is considered to con-

tribute to torsional properties with 3.5 times more rigidity [42], and has insignificant 

contribution to tensile properties [43]. 

Cortex: The cortex, which makes up about 60-90% of fiber bulk [41], accounts 

for most of hair fibers weight and tensile strength [44]. Therefore, it is the structural 

component that most frequently investigated by researchers. 

Morphologically, it is composed of elongated, spindle-like cortical cells aligned 

with the central axis through the fiber [44] with cell membrane complexes (CMC) in 

between that glue them together [45]. Cortical cells can be divided into three types: 

paracortical, mesocortical, and orthocortical cells [37]. The distinction between them 

is how the materials inside are organized. More detailed discussion about how they 

differ from one another will be covered later along with the discussion on the difference 

among hair types (2.2). 

Inside each cortical cell are macrofibrils, which comprises approximately 50-60% 

of cortexs mass [36], and inter-macrofibrillar material; inside each macrofibril are 

microfibrils, which are also called intermediate filaments, and inter-microfibrillar ma-

trices also called keratin associated proteins [37]. Each intermediate filament is com-

posed of several protofibrils which are formed by two coiled dimers in an anti-parallel 

manner, which are again comprised of Type I and Type II keratin polypeptide chains 

that form a coiled coil [37]. 

The most widely adopted model of hair treats a hair fiber as a mixture of water-

impenetrable, crystalline fibrous proteins (intermediate filaments) and water-penetrable, 

amorphous matrix substances [46]. It can be imagined as highly structured, elastic 

ropes immersed in a viscous material, which resembles a damped spring model in its 

macroscopic stress-strain characteristics [47]. 

Medulla: The medulla is a small tubular portion in the center of the hair fiber. 

In animal hairs, it takes up significant amount of the total volume [48]; however, 

in human hair, it only accounts for a small portion and may be discontinuous and 
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sometimes even absent [49]. It contributes to the stiffness of hair fiber to a certain 

degree but due to its small volume, the contribution is insignificant. It is considered 

to play little to no role in hair cosmetics and have little physicochemical significance 

[44,50,51]. 

Chemical Composition of Hair: Human hair contains approximately 65-95% 

by weight proteins [49], and 80% of hair by weight is a protein called keratin [22]. 

Other constituents include water, lipids, pigments, and trace elements [49]. Keratin 

is composed of 18 amino acids, and hair fiber’s exceptional strength and, structural 

and thermal stability are often attributed to its high cystine content, which provides 

strong covalent bonds originating from a disulfide bond. 

The majority of keratin is located in the cortex which comprises approximately 85 

wt% of total protein contents. 50 wt% of the total protein is low-sulfur proteins, which 

are considered to be intermediate filaments. 25 wt% of the total proteins is high-sulfur 

proteins also called keratin associated proteins, 10 wt% is high glycine and tyrosine 

(HGT) proteins, and 15 wt% is other low- and high-sulfur proteins located in the 

cuticle layer [37]. The overall structural stability and strength of hair come from the 

combination of intermediate filaments and matrix substances. intermediate filaments, 

which are formed by multiple coiled α-keratins that exhibit a characteristic α-helical 

structure, are responsible for hair fibers’ elasticity coming from intra-chain hydrogen 

bonds, while matrix substances, which are rich in sulfur contents, are responsible for 

structural stability [49]. 

Cortical cells are usually classified according to how the macrofibrils and matrix 

substances are distributed and organized inside it. A paracortical cell contains loosely 

packed macrofibrils which are filled with intermediate filaments relatively parallel in 

their orientation [52]. Thus, it contains a relatively large amount of matrix substances 

and sulfur. A mesocortical cell is intermediate in sulfur content and the degree of 

density. An orthocortical cell has more densely packed macrofibrils with whorl-like 

intermediate filaments in them, and due to the dense pack, contains less sulfur [53]. 
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2.2 Differences among Hair Types 

The most distinctive difference among hair types is the curls of varying degree. 

Thus, the discussion will start from the origin of curls. Then, the discussion on the 

chemical composition and mechanical properties of different types of hair will follow. 

The origin of human hair curvature has long been attributed to peculiar cross-

sectional shapes among hairs of different races [54, 55]. For instance, Asian hair 

can be characterized with a circular cross-section, Caucasian with an ovoid cross-

section, and African with a flat cross-section. However, it was later proposed that the 

curvature in human hair originates from different shapes of hair follicles, which tend 

to be relatively symmetrical in Asian and Caucasian population but asymmetrical in 

African population [54–56]. A recent study proposed that there may be differential 

mechanical stresses generated on each side of follicle that would cause difference in the 

rate at which hair fiber is extracted and hence a consequential asymmetrical structure 

that leads to a curled shape [57]. 

Not only the exterior, but also the interior morphology of the hair fiber appears to 

correlate with hair curvature. It is a well-known fact among textile researchers that 

the crimp in wool fiber originates from the bilateral structure of fiber interior, which 

can be divided in half with orthocortical cells on a convex side and paracortical cells 

on a concave side [58]. The similar disposition to a bilateral structure was found in 

human hair and was proposed to be the morphological characteristic of human hair 

that contributes to curvature [45,59]. For instance, one study found that African hair 

had a bilateral structure between orthocortical and paracortical cells, while Caucasian 

hair was composed mainly of paracortical cells [60]. It was also discovered that hair 

of varying curvatures among Japanese hair exhibited distinct disposition of cortical 

cells [45, 61]. 

Past studies had given human cortical cells of different morphologies names such 

as orthocortical, paracortical, and mesocortical cells following the convention used in 

studies of wool fiber. However, more recent studies pointed out that human cortical 
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cells are strictly different from those of wool fiber, and classified each cortical cell into 

four groups from Type A to Type D [45]. However, the precise relationship between 

the degree of disposition to a bilateral structure in cortical cells and the degree of 

hair curvature requires further investigation. 

Another interesting proposed factor responsible for hair curvature is the ratio 

between fibrous protein and matrix substance [62]. Though expressed in a different 

way, the fibrous protein to matrix substance ratio is highly probably directly related to 

the disposition of cortical cells, because each cortical cell is composed of macrofibrils 

and inter-macrofibrillar material which in turn are composed of fibrous protein and 

matrix substance [36,37]. African hair exhibited the lowest fibrous protein to matrix 

substance ratio, while Asian hair exhibited the highest ratio; the increase in curvature 

negatively correlates with the ratio. Since a curved hair fiber with bilateral structure 

contains more orthocortical cells than a straighter fiber, it is most likely contains less 

matrix substances. Thus, one can easily infer that higher curvature is directly related 

to lower content of matrix substance, which consequently leads to higher fibrous 

protein to matrix substance ratio. 

Different types of hair exhibit varying degrees of tensile properties [36,49,63,64]. 

African hair with a highly irregular cross-sectional profile along its fiber axis tends to 

have lower tensile properties compared with Asian and Caucasian hair. This tendency 

in lower mechanical strength for African hair is consistent with the results on fatigue 

strength of hair where an individual fiber is subjected to cyclical loading well below 

its break strength. African hair had a significantly lower fatigue strength compared 

with Asian and Caucasian hair [65]. 

The differences metioned above are not only present among geo-racial hair types 

but also among the hairs in the same geo-racial hair type. Segmentation Tree Analysis 

Method (STAM), a curl classification method strictly based on geometric features of 

hair such as a curl index, curl diameter, and the number of waves, classified African 

hair of into five curl classes and clearly demonstrated the presence of such differences 

[66]. The suggested method was applied to more than 2,400 subjects and Robbins [49] 
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confirmed in the book its robustness for classifying hair types. Each curl class between 

Type IV and Type VIII has surprisingly high negative and positive correlations with 

a cross-sectional area (R2 = 0.98) and ellipticity (R2 = 0.95) of hair respectively [67]. 

The curl class also had relatively high negative correlations with Young’s modulus 

(R2 = 0.79) and breaking strength (R2 = 0.66). The study also found differences 

in thermal stability among the hair of different ethnicities by statistically significant 

differences in denaturation temperature and denaturation enthalpy. However, the 

difference is very small, and it is unclear if it will significantly impact response to 

heat. 

Despite the observed differences in morphological disposition and clear distinction 

in mechanical properties, variations in the chemical composition of hair has been 

reported to be insignificant across hair types [36,50]. 

2.3 Effect of Heat Appliances on Human Hair 

A review of the exiting literature revealed the gaps in the current studies. First, it 

was noticeable how all the studies were based on Caucasian hair alone , if not Asian 

hair in a few occasions [3–8,21]. It was peculiar to witness such propensity, considering 

the fact that African-American women are having particularly many issues related 

to flat irons that often receive academic attention [12, 15, 68–70]. The paper that 

talks about “progressive straightening” exhibits such a bias more prominently [9]. It 

depicts gradual loss of curl as a favorable phenomenon, proposing it as an alternative 

method of permanent hair straightening except for the damage introduced to hair 

that makes it more fragile. In fact, loss of natural curls is one of the worst things 

that can happen in African-American community; thus, the paper clearly does not 

consider the need of this community. Furthermore, in the same study, African hair 

was used for characterization thermal stability of human hair but disregarded for the 

investigation into gradual curl loss with repeated heat treatments which is a more 

coveted issue to be considered by this population. 
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Second, most of the studies relied on manual application of heat which is more 

susceptible to experimental errors by introducing more variability to how heat is 

applied [3–8]. Only two studies [9, 21] can exonerate themselves from this criticism. 

Third, the evaluations of the product performance conducted by the previous 

studies seem inadequate for correctly reflecting what customers expect from heat 

styling. To discuss this point, the metrics used to gauge hair damage in each study 

needs to be examined first. 

McMullen and Jachowicz’s [3,4] work on thermal degradation of hair with a curling 

iron is the most frequently cited work among the literature that directly addresses the 

use of heat appliances on human hair . The first work confirmed the detrimental effect 

of heat applied continuously for a long period and intermittently for a short period in 

metrics of hair chromophore (Trp) decomposition, color change, and surface damage. 

The result indicated that the intermittent and short term heat application was more 

destructive, which may be attributed to the rinsing and towel drying that occurred 

between each cycle of heat application. The second work examined the effectiveness 

of protective agents such as copolymer, surfactant and hydrolyzed protein against the 

heat using Trp decomposition, surface damage, and stiffness as metrics. The results 

revealed that all the agents decreased the decomposition rate of Trp by 10%-20% 

while only copolymer and surfactant were effective at reducing surface damage, and 

none of them made significant difference to stiffness except for copolymer making hair 

fiber stiffer at a high temperature, which can be eliminated by shampooing. 

Ruetsch and Kamath [5] studied the possible damages caused by a curling iron 

used in ways that violate the specification: use on wet hair, excessive pull on hair, and 

prolonged time of use. The study confirmed that the hair treated under wet condition 

and tension experienced the most severe damage. Also, changes in tensile properties 

such as slight increase in break strength, reduction in extension to break, and large 

increase in post-yield modulus were observed. Interestingly, fatigue resistance of hair 

pre-treated with a conditioner increased, which led to higher characteristic life. 



13 

Zhou et al. [7] investigated the effects of pretreatments with various metrics such as 

hair keratin denaturation, molecular modification of keratin, surface damage, change 

in sorption/desorption rate of water vapor, thermal imaging of hair cross section, 

hair temperature during flat ironing, and hair breakage with combing. The results 

reconfirmed the protein denaturation and reduction in the amount of overall protein 

content with heat. The heat-induced cuticular damage was again observed. They also 

observed sorption and desorption rate of water vapor into and out of hair fiber finding 

that water regain and retention both reduced. However, selected pretreatments were 

able to mitigate the effect of heat and reduce the change in sorption/desorption 

rates. Cuticular damage and hair temperature during flat iron also decreased with 

the pretreatments. 

Harper et al. [6] presented an interesting work, investigating the efficacy of thermal 

styling. Along with checking heat damage done to hair with some of the classic metrics 

associated with mechanical properties of hair fiber, they looked at the efficacy which 

is defined as how well and long the thermal styling retains the desired hair shape. 

In conclusion, they suggested that increasing the temperature of appliance beyond 

150◦C made no significant difference to the effectiveness of hair styling, which poses 

an important question as to how manufacturers of heat appliances came up with the 

specific temperature ranges for hair textures. However, certainly, the work in the 

study needs to be expanded more to assess the validity of market claims. 

Christian et al. [8] examined the effect of a heat protectant spray as well as the 

difference in the effect between dry and wet ones. They utilized Trp decomposition, 

structural damage and change in tensile properties to assess the amount of damage. 

As a result of the experiment, they discovered that the use of heat protectant did not 

yield any significant improvement in protecting hair from heat damage unless they 

build up enough to form a thick layer over time. Furthermore, they discovered that 

the water-based wet heat protectant had more adverse effect to structural integrity 

compared to the dry one. It was the first paper that, at least among the studies 
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researched in this work, explicitly sought for addressing the needs for the appropriate 

methods of using heat appliances to minimize the damage. 

The work proposed by Dussaud et al. [9] investigated the effect of repeated heat 

application with a flat iron to human hair, which they referred to as “progressive 

straightening”. Even though it described the gradual loss of curl as a favorable phe-

nomenon that can substitute for the chemical hair straightening, it was most closely 

related to what this research intends to address. In addition to change in curliness, 

they also measured the damage to hair using metrics such as shift in denaturation 

temperature, change in wet Young’s modulus, and degree of disorganization in the 

microfilament organization which is supposed to be related to the denaturation of 

proteins. They concluded that the repeated application of heat removes natural curls 

from hair and decreases denaturation temperature, Young’s modulus and microfila-

ment organization. They also discovered that the silicone-based heat protectant did 

not mitigate the effect of heat damage except for enhancing the fiber alignment. 

Wortmann et al. [21] proposed a first-order kinetic models to describe the relation-

ship between the duration of flat ironing and denatruation temperature and enthalpy. 

Assuming the two-phase model, the content of α-helix is expected to reduce to zero 

with an extended period of flat ironing while denaturation temperature will converge 

to a finite value. 

All these studies offer invaluable insights into thermal degradation of hair by either 

a flat iron or a curling iron. They provide many quantifiable metrics that are direct 

consequences of using heat. However, the connection between some of the metrics and 

the perceived amount of damage that flat iron users experience is not well defined. For 

instance, keratin denaturation or Young’s modulus exhibits only partial information 

about the structural integrity of hair; it is unclear how much of it will translate into a 

palpable degree of reduction in hair strength that customers experience during their 

daily grooming activities. 

Fourth, the reviews of the existing studies above clearly show that the studies 

focused mainly on the effects of heat on hair strength and neglected other effects. 
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In particular, when it comes to heat styling that involves flat ironing, the results 

of straightening and the resultant loss in curls also become the center of concerns. 

Depending on individual’s unique hair care needs, one or both of these concerns may 

compromise the concern for hair strength to a certain degree. Thus, the performance 

of flat ironing should consider more relevant metrics that reflect the concerns of 

flat iron users such as reduction in hair strength, effectiveness of straightening, and 

permanent loss of curls. 

Lastly, there is a case of inconsistency between studies about the effects of heat, 

which could confound flat iron users in utilizing the tool. For example, even though 

in most cases heat reduces the overall mechanical properties of hair, under specific 

conditions it can improve the mechanical properties [5, 6]. Therefore, evaluation of 

flat ironing results under various conditions is necessary to assist flat iron users in 

better utilizing the tool. 

In addition to the gaps identified in the academic works, there are gaps in the 

guidelines on the flat iron usage suggested by flat iron manufacturers. Comparison 

of usage guidelines for five select flat irons exposes its lack of consistency and little 

knowledge in guiding flat iron users (Table 2.1). First, the guidelines are provided 

for a certain best result defined by manufacturers, which may not align with what 

flat iron users want. arbitrarily define the best result for the users and fail to provide 

multiple usage scenarios for different styling goals. The best results and styling goals 

for the users can vary from gently stretched-out hair with remaining waves to com-

pletely straightened hair. Second, the classification of a hair type is highly subjective 

and nebulous. Qualitative descriptions of hair types such as wavy, curly and frizzy 

could differ from person to person. Third, the classification of hair types and the 

corresponding ranges of recommended temperature are inconsistent across manufac-

turers. Fourth, manufacturers only consider a temperature setting as a factor and 

neglect other factors such as flat ironing speed and the number of passes which are 

likely to have an impact on the results. 
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Table 2.1. Comparison of guidelines on flat iron usage provided by 5 
select manufacturers (Adopted from [10]). 

Flat Iron Temperature 
Manufacturer Pricing* Hair Type Notes 

Type Setting (◦F) 

thin/fragile 300-350 -No frequency 

fine 350-390 recommendation 

1 Ceramic High normal 375-400 -Hair care product 

wavy/ recommendation 

curly/ 385-400 -Detailed instructions 

permed -Mentions that hair 

kinky/ should be fully dried 

coarse/ 400-420 -Electrical and 

thick burn warnings 

fragile 240-265 -No frequency 

thin 265-305 recommendation 

normal 305-350 -Hair care product 
2 Titanium Medium 

wavy 350-370 recommendation 

-Electrical and burn 
coarse 390-450 

warnings 

fragile 225-275 -No frequency 

thin 275-315 recommendation 

Argan normal 315-345 -No hair care product 
3 Medium 

ceramic wavy 375-415 recommendation 

-Electrical and burn 
coarse 415-450 

warnings 

-No frequency 
thin low 

recommendation 

-No hair care product 

4 Ceramic Low recommendation 
normal medium 

-Limited instructions 

-Electrical and burn 

thick high warnings 

thin/delicate/ 

easy-to-straighten low -Limited instructions 
Argan 

hair -No mentioning 
oil 

5 Low average to of hair care products 
infused medium 

thick/treated hair -No frequency 
ceramic 

thick or wavy hair medium-high recommendation 

hard to straighten -Electrical and burn 
high 

hair warnings 

very resistant hair maximum 

*Pricing: Low (less than $50), Medium ($50-149.99), High (more than $150) 

https://50-149.99
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2.4 Relevant Effect of Heat on Human Hair 

A lot of studies regarding the effects of heat on human hair focus on thermal anal-

ysis. It is a technique widely employed by researchers for studying various phases hair 

goes through, in which its chemical composition and structure experience remarkable 

change. The primary method for performing such investigation is called Differen-

tial Scanning Calorimetry (DSC). In this method, a sample of interest is heated up 

at a slow rate (usually around 5 K/min to 10 K/min in the papers reviewed) while 

change in energy intake and output during endothermic and exothermic processes 

are recorded. These various processes, which are commonly summarized in terms of 

enthalpy and characteristic peak temperature, are directly related to chemical and 

structural change of samples. Thus, researchers widely use this method as a means 

to thermally characterize the state of hair structure and its response to heat. 

While these papers are not directly related to thermal degradation caused by 

heat appliances, they offer compelling models of chemical changes inside hair fibers 

that cause change to its mechanical properties and geometry by heat insult. The 

knowledge they offer will play a significant role in interpreting the empirical results 

to be presented. Therefore, a brief overview of the studies will be provided in this 

section. 

Milczareck et al. [24] studied the thermal transitions in keratin as it relates to 

loss of water and toughening process. By observing a DSC curve, they proposed 

that water is removed through three stages: first, weakly bound water (50 ◦C to 

75 ◦C), more strongly bound water (90 ◦C to 120 ◦C), and the most strongly bound 

water (90 ◦C to 120 ◦C). At around 155 ◦C, they observed toughening transition which 

seems to increase the crystallinity of α-keratin and stiffens hair fiber. α-crystallites 

finally denatured or melted at around 233 ◦C. To investigate the role of water in 

the toughening process, they annealed hair at different temperatures and observed 

shift in denaturation temperature. Hair annealed for 30 min at temperature ranging 

from 70 ◦C to 180 ◦C experienced shift of denaturation temperature to higher value, 
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but beyond 180 degreeCelsius, denaturation temperature started to decrease again. 

They discovered that the increase in crystalline peak area (stability of crystalline 

structure) by annealing at low temperatures (at 80 ◦C and 110 ◦C), which only removes 

weakly bound water, is reversible upon introduction of humidity while annealing at 

high temperatures (at 150 ◦C and 180 ◦C), which removes strongly bound water, is 

irreversible. 

Cao [25] suggested that DSC measurement without a sealed pan leads to thermal 

degradation/pyrolysis of hair, which underestimates enthalpy required for denatru-

ation of α-form crystallites. He compared the results among the conditions with a 

sealed pan which are without a medium, with water and with silicone oil. By ex-

amining the DCS curves obtained, he concluded that silicone oil is the best medium 

to accurately and consistently measure enthalpy for denaturation and hence the es-

timation of α-crystalline content of hair fibers. He used his finding in the later work 

with Leroy [71] to investigate the effect of water content on shift of denaturation 

temperature (or melting peak as they call it). They discovered that the plot of water 

content and melting temperature can be fitted with a slightly parabolic line, where 

higher water content shifts the melting temperature to a lower value. They concluded 

that α-form crystallites share characteristics in common with a crystal, and therefore, 

defined the endothermic peak as melting rather than denaturation of the crystallites. 

Wortmann and Deutz [72] obtained DSC curves of various keratin-base materials 

ranging from a Rhinocerous horn to human hair to observe their thermal transition 

through different phases. The results showed a denaturation range of 20 ◦C to 30 ◦C 

with peak temperature at around 140 ◦C regardless of material. In contrast to Cao, 

Wortmann specifically made a comment that the transition of α-helix during en-

dothermic peak will be referred to as denaturation rather than melting. They tried 

to incur partial denaturation in African hair, which led to permanent straightening. 

According to them, it is a consequence of supercontraction suggesting a close rela-

tionship between keratin denaturation and gradual loss of curls. In another work, 

Wortmann et al. [73] looked at the effect of water on glass transition of hair. They 
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observed shift of glass transition temperature to higher value with less water content. 

Also, they compared DSC curves of untreated hair and hair with denatured α-helical 

material and confirmed that crystallinity has no relationship with water sorption and 

glass transition of hair. One aspect of his work worth mentioning is his long-standing 

favor in the two-phase model of a hair structure first proposed by Feughelman [46]. 

In this model, crystalline intermediate filaments are embedded in amorphous matrix 

substances, which is analogous to springs immersed inside a dampening fluid. He pro-

posed from the observation of DSC curves that matrix substance kinetically impedes 

α-helices from unfolding, which plasticizes with the introduction of water and yields 

lower denaturation temperature as a consequence. Wortmann et al. [29] discovered 

that denaturation enthalpy of dry hair shows significant dependency on a heating 

rate. This seemed to be due to the kinetics of pyrolysis of cortex. On the other 

hand, there was no correlation when hair in water was used. From the observation of 

heat capacity dependent on a heating rate, they suggested that a higher heating rate 

transforms α-helices to random coils, which increases heat capacity whereas a lower 

heating rate transforms the helices into more organized β-domains with reduced heat 

capacity. This heating rate dependency also appears in denaturation temperature; an 

increase in a heating rate increases the denaturation temperature. The authors con-

clude their work by suggesting that the denaturation occurs through more complex 

stages than the one-step transition authors proposed before. 

Istrate et al. [74] proposed a three-phase model in which additional scaffolds be-

tween intermediate filaments and matrix substances exist in the form of disulfide bond. 

In the subsequent work, Istrate et al. [30] investigated the effect of pH on thermal 

stability of human hair and discovered that denaturation peak can be shifted higher 

for previously oxidated hair if treated with low pH solution. This cannot be due to 

increased crystallinity because a decrease in enthalpy and denaturation temperature 

indicates irreversible damage of α-helices. Furthermore, there was no difference in 

tensile strength between the damaged hair and the hair treated with low pH solution, 

which further excludes participation of crytalline structure in the phenomenon. Thus, 
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authors suggested that the interface phase, which can be characterized as ligands, be-

tween crystalline and amorphous phase binds the two phases upon the introduction 

of low pH and hence increases denaturation enthalpy and temperature. This study 

set a strong case for the three-phase model Istrate has been promoting. 

In addition, Rebenfeld et al. [1] investigated the effect of heat on tensile prop-

erties of hair. Monteiro et al. [27] utilized thermal analysis as means to observe 

how the change in keratin structure is induced by bleaching and chlorinating agents. 

Humphries et al. [23] investigated the potential of commercially available thermome-

chanical analyses for detecting the damage and chemical changes to hair by various 

treatments. 

While the literature reviewed above offers useful models for explicating thermal 

transition of hair and implication for the change in its geometry and properties, 

one should be careful when applying them. DSC requires cutting hair into small 

pieces and could differ from an intact hair fiber responding to heat. Moreover, DSC 

employs a very slow heating rate compared to flat ironing. The range is usually around 

10 K/min and 20 K/min at most; however, flat ironing instantaneously exposes hair 

to temperature typically around 200 ◦C. Given the dependency of thermal transition 

on a heating rate [29] it is highly likely that thermal transition during the flat ironing 

will occur differently from what has been observed. 
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Part 1: Emprical Investigation of Flat Ironing Results and 

Predictive Modeling 

Part 1 consists of experimental investigation of flat ironing results. In the first half, 

metrics of the flat ironing results are defined and experiments are conducted using flat 

ironing parameters such as a temperature setting, gliding speed, and the number of 

passes. In the second half, the performance of commercially available heat protectants 

is examined using the newly proposed metrics of flat ironing results. 

3. PREDICTIVE MODELING OF FLAT IRONING RESULTS 

To address the gaps identified in the previous chapter, I propose predictive modeling 

to help flat iron users. A predictive model which can forecast how much damage one 

should expect can be a powerful tool for decision making. A better informed decision 

can improve the overall hair care experience and results of heat straightening by 

saving one from frustration and use of excessive amount of time, money and energy 

to recover from or avoid the heat damage. 

There have been several attempts to model cosmetically meaningful hair assembly 

characteristics by measurable parameters of hair properties. Robbins and Scott pro-

posed an idea for predicting the hair assembly (tresses or heads) characteristics closely 

related to cosmetic procedures with single fiber properties [75]. They suggested that 

the hair assembly characteristics such as manageability, combing ease, style reten-

tion, flyaway and body can be predicted with single fiber properties such as stiffness, 

static charge, weight, diameter, curvature, and friction. 8 years later, Robbins and 

Reich implemented the idea and established a predictive model for combing ease [76]. 

They discovered that the curvature has the largest impact on combing ease and that 
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the effect gets more dominant as one’s hair becomes curlier. There have been a few 

follow-up studies to further refine the idea. Robbins, Reich and Clarke more rigor-

ously defined the definition of manageability, utilizing surveys from users, to further 

enhance the effectiveness of addressing user needs [77]. Later on they collaborated 

again to successfully correlate hair volume and texture to the body by using an im-

age analysis [78]. Also, Rennie et al. [79] attempted to model hair shine based on a 

spatial arrangement of hair fibers. However, none other significant modeling attempt 

for cosmetic characteristics of hair is known, let alone the effort to model the effect 

of flat ironing on hair. 

In this chapter, quantifiable metrics for flat ironing results and relevant flat ironing 

parameters to be considered are discussed. The effort put into the development of an 

automated flat ironing mechanism to minimize the experimental error is elaborated, 

and experimental procedures and results follow. 

3.1 Metrics for Flat Ironing Results 

Four metrics (fatigue strength, straightening efficacy, long-term straightening ef-

ficacy, and permanent curl loss) serve to quantify the effects of flat ironing. These 

metrics were carefully chosen to reflect both desirable and undesirable consequences 

of flat ironing that flat iron users constantly grapple with. 

Past studies measured tensile properties to assess the reduction in hair strength 

[1, 5, 6, 8, 9]. Even though it is an excellent measure of hair strength, the measured 

quantity is far from suitably reflecting the long-term strength and resilience of hair 

at a moderate stress level, which hair is more likely to experience during the daily 

grooming practices. Evans and Park [80] argued and demonstrated that it captures 

the mechanical strength of hair against daily grooming practices better than the 

traditional break strength measurement. Fatiguing is one mode of failure in which 

initially formed superficial cracks and/or internal pores in a material propagate under 

cyclical loading to subsequently cause breakage. The fatigue strength is measured 
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by applying stress that is sufficiently lower than the break strength of the material 

which induces breakage by a single application of force. Fatigue testing quantitatively 

captures this structural failure by counting the number of cyclical loading required 

to induce such a result. Thus, the number of cycles to failure will be presented as a 

metric of hair strength throughout the rest of this work. 

Straightening efficacy is an obvious measure of the desirable effect, which assesses 

the effectiveness of straightening. To quantify straightening efficacy, a familiar con-

cept of a curl index was utilized. A curl index (CI) is one way of quantifying the 

curliness of hair by taking the ratio between a natural length (Ln) and an extended 

length (Le) defined as below. 

Le
CI = (3.1)

Ln 

A natural length is defined as the distance between any two farthest points on a 

single strand of hair and an extended length a stretched length of the same strand 

(Figure 3.1). 

Figure 3.1. (a) Measurement of an extended length Le and (b) natural 
length Ln before flat ironing. (c) Measurement of extended length and 
(d) natural length immediately after flat ironing. Le is measured by 
stretching the strand and taping both ends with a tape on a piece of 
paper. Ln is measured by placing the strand between two glass plates 
and measuring the distance between the two farthest points. 
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Straightening efficacy (SE) calculates the percent change in a curl index before 

and immediately after flat ironing as shown below. 

CIimmediatelyafterflatironing − CIbeforeflatironing 
SE = (3.2)

CIbeforeflatironing 

Similarly, the long-term straightening efficacy measures the retention of straight-

ness after 24 hours of exposure to an ambient environment at 21 ◦C to 22 ◦C and 

48 %RH to 52 %RH. The corresponding equation for calculating the percent change 

is as follows. 

CI24hoursafterflatironing − CIbeforeflatironing 
LT SE = (3.3)

CIbeforeflatironing 

Finally, permanent curl loss assesses how much curl is permanently lost as a 

result of flat ironing under each condition. A curl index was again used to quantify 

the change in curliness. However, a previous experience indicates that a curl index 

can be poor at fully reflecting the change in curliness unless the change is drastic 

as between before and after flat ironing. The permanent curl loss is measured after 

washing hair, which removes the effect of heat straightening and the difference in 

curliness less obvious. Thus, instead of solely relying on the curl index, an additional 

metric that measures the change in the diameter of the largest curls in a strand was 

used to quantify the permanent loss in curls. The CI and a largest curl diameter 

(CD) was measured from an intact strand, then from the same strand after drying in 

the air overnight after washing that immediately followed flat ironing; a template of 

multiple concentric circles of known diameters shown in Figure 3.2 was utilized for the 

measurement. The measurement was taken in these two states because permanent 

change in curls rather than temporary change was of interest. The percent change 

between the two states quantifies permanent curl loss in two ways: permanent curl 

loss by CI (PCLCI) and permanent curl loss by CD (PCLCD). 

CIafterwashing − CIbeforeflatironing 
P CLCI = (3.4)

CIbeforeflatironing 
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CDafterwashing − CDbeforeflatironing 
P CLCD = (3.5)

CDbeforeflatironing 

Figure 3.2. A curl diameter of a hair strand is measured by utilizing 
a template of multiple concentric circles of known diameters. 

3.2 Selection of Flat Ironing Parameters 

The most obvious parameter to consider is a temperature of a flat iron. There 

are numerous reports on the dominantly detrimental effects of temperature [1–9,21]. 

Another intuitive and repeately reported factor to consider is the period of exposure 
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to heat [9,21]. It is easy to derive three most intuitive and certain parameters related 

to heat damage: a temperature setting, gliding speed, and the number of passes. 

Water content in hair is another important factor. Water can substantially in-

fluence Youngs modulus of hair [8, 49, 81]. Hair flat ironed in a wet state receive an 

amplified amount of damage due to evaporating water creating pores [82,83] and pres-

sure created by a differential expansion rate between the cortex and cuticle leading 

to crack formation on the cuticle [2]. Moreover, water acts as a plasticizer that accel-

erates keratin denaturation under high heat [29, 71]. Thus, careful control of water 

content in hair is important to conduct well-controlled experiments. This parameter 

has been traditionally controlled in the means of equilibrating hair fiber under certain 

relative humidity (%RH). 

Because of the large influence of temperature and water content on mechanical 

strength of hair, tension in hair during flat ironing needs close attention. For exam-

ple, tension at one temperature level might be within the Hookean region and have 

not significant impact on the change in mechanical strength, but at a higher temper-

ature, it might substantially deforms the shape of hair and diminishes its mechanical 

strength. 

It is intuitive to assume that accumulating heat energy will be directly propor-

tional to the amount of damage. However, intermittent cooling between each pass 

of flat ironing may have unknown effect. For example, a cyclical heat treatment 

with overnight restoration of a water content in hair mitigated the surface tempera-

ture when compared with omitting the water restoration in-between [7]. Therefore, 

careful control of a cooling period between strokes of flat ironing needs consideration. 

Density in which a bundle of hair is configured, which is a characteristic of hair 

assembly rather than a single fiber, affects the interaction with heat. A rate of heat 

dissipation through hair can differ with the varying degree of bundle density [84]. 

Some other potential factors to consider include age, nutrition and light. Hair 

characteristics can vary along with age [49]. The nutrition condition is also an impor-

tant factor to consider since hair that grows anew will certainly be affected by how 
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one is nourished [49]. Finally light, more specifically ultraviolet radiation, can affect 

hair structure [85,86]. A sufficiently long period of exposure to sun light, for example, 

can weaken CMC between cuticles or cortical cells and cause step-like fractures. 

Additionally, I hypothesize that the exposure time defined as the amount of time 

a segment of hair is above a certain critical temperature is an effective single metric 

for quantitatively assessing the thermal history. The critical temperature was set 

to be 100 ◦C for the following reasons. First, a recent study to assess the styling 

efficacy of curling irons determined the efficacy increased up to approximately 100 ◦C 

and stalled, or adversely impacted the hair, near 200 ◦C [6]. Secondly, 100 ◦C is the 

boiling point of water, and it is well known that rapidly evaporating water can form 

small pores as it exits the hair [82, 83] or form cracks due to rapid contraction of 

cuticle layer pressing against the cortex lagging in the drying process [2]. 

After careful consideration, the parameters are divided into two groups: one of 

variable parameters and the other of fixed parameters. A temperature setting, gliding 

speed, and the number of passes were selected as variable parameters. The exposure 

time is contingent on the three variable flat ironing parameters: a temperature set-

ting, gliding speed and number of passes. Therefore, it may be able to capture 

the collective impact of the three parameters better than the addition of individual 

contribution from each parameter. On the other hand, the water content, tension, 

duration of cooling, and density will remain at fixed values. The rest of the factors 

age, nutrition, and light are difficult to control and remain to be parts of an un-

controllable environmental factor. The decision was made based on the feasibility of 

accurately varying the parameters at the current state of technology and availability 

of equipment or facilities. 

The following equation illustrates how the predictive model would be constructed 

as a function of the aforementioned variables that outputs change in the four flat 

ironing metrics. 

ΔM = f(Tiron, V, N, E) (3.6) 
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where: 

ΔM = change in one of the four metrics 

Tiron = temperature setting on a flat iron 

V = gliding speed of a flat iron 

N = number of passes 

E = Exposure time above 100 ◦C 

3.3 Automated Flat Ironing Mechanism 

As was pointed out in the previous chapter, most studies on the use of heat appli-

ances used the appliances manually, which could cause variability in the effects due to 

uncontrolled variables such as duration of heat application [2–8,18–20]. Furthermore, 

the heat application was done statically (i.e. appliance did not translate along the 

length of hair), which is far from realistic usage of flat irons. 

There were two exceptional cases where an automated flat ironing system was 

employed. One of the studies utilized a linear stage to provide constant speed at 

which a flat iron grazes a hair sample [9]. The mechanism as well as hair samples 

were vertically oriented. The hair samples were secured at the top with the low end 

freely hanging. In this set-up the mechanism can utilize a Dia-Stron tensile tester 

to monitor the tension on hair. The other study employed Instron’s tensile tester to 

draw out hair through flat iron in a contrlled manner [21]; however, it did not detail 

the descriptions of the mechanism. 

The first system has several limitations for performing a controlled experiment. 

First of all, instead of maintaining the pulling force, which is highly likely an influential 

factor in flat ironing, constant, it only monitored its variation during the process. 

Also, it seems that the failure to secure the other end of hair hindered working with 

African hair samples. This is a mere inference based on that fact that even though 
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they had an African hair sample, they did not perform the experiment for progressive 

straightening with it and used it instead for thermal characterization of human hair. 

Finally, their mechanism did not allow the flat iron to automatically open and close. 

It prevented them from doing experiments with multiple passes, which is another 

important factor to include and a practice that frequently appears among flat iron 

users. 

In this section, an effort to address the shortcomings of the previous studies by 

designing a fully automated flat ironing mechanism is elaborated. The mechanism 

consists of two parts: a sample stage and clamp mechanism. The sample stage 

consists of a linear stage to enable a lateral motion and a tension mechanism to 

control the tension on hair samples. The clamp mechanism consists of a linear stage 

to engage/disengage the flat iron and a motor-driven system to open and close the 

flat iron. 

3.3.1 Design Requirements 

As a first step to designing a flat ironing mechanism, design requirements were 

established. They were created by carefully observing YouTube videos of people flat 

ironing to closely emulate the flat ironing process. The requirements were divided 

into two sets, each corresponding to the sample stage and clamp mechanism, for the 

convenience of description. 

Requirements for The Sample Stage: 

• Accommodate various lengths of hair samples (3 in -6 in ) 

• Easy to mount/demount hair samples 

• Apply tensile force between 0 g and 25 g 

• Apply tensile force with the resolution of 0.1 g 

• Apply/cease tension on hair samples for each pass 
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• Move laterally at between 1 cm/s and 5 cm/s 

• Hold up to 850 g of load 

The minimum hair length the sample stage should accommodate was established 

by considering the typical width of flat irons. It is typically between 1 in and 1.5 in. 

At the same time, it was assumed that the flat iron should be able to travel at least 

the width of itself to yield meaningful results for the experiment. Therefore, the 

minimum length of hair samples should be 3 in. 

According to the available data from literature, the break force of a single fiber of 

curly hair can range from 31.06 g to 68.89 g [67]. However, this range was achieved 

at a very slow rate of stretching. Furthermore, since curly hair is more prone to 

breakage [50, 64, 87, 88], tension applied needs to be well below the lower bound 

to safely apply tension across all hair types. A simple experiment using a spring 

force gauge suggested that the break force of the hair samples at possession could 

vary between approximately 10 g and 150 g depending on the hair type. Thus, the 

tension mechanism should be able to apply tension at least up to 10 g, which is well 

below the lower bound calculated from the available data. Also, to be able to apply 

accurate tension to the sample, the resolution should be at least 0.1 g. Based on the 

observation made on the video clips, flat iron users stretch their hair either by using 

hand or pulling with flat irons as they apply heat. To simulate this practice as well 

as to measure the effect of tension on hair straightening, the mechanism should be 

able to pull and loosen hair samples at the beginning and the end of each cycle. 

Each bound of required speed was estimated by observing videos. The typical 

speed at which the flat iron would travel when gliding on hair and going back to 

roots for a subsequent pass was estimated. Finally, the capacity of the linear stage 

was estimated by calculating the weight of the whole structure to be mounted on 

by using SolidWorks since the fabrication of all the parts was not completed at the 

moment. 

Requirements for The Clamp Mechanism: 
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• Secure a commercial flat iron 

• Open and close a flat iron 

• Adjust the speed of opening/closing a flat iron 

• Exert constant pressure on hair samples 

• Align the surface of plates on a flat iron in parallel with hair samples 

• Deploy/retract a flat iron at the rate of 5 cm/s or faster 

• Hold up to 3.7 kg of load 

The clamp mechanism has to be able to securely hold a flat iron. It should be 

able to actuate opening and closing of the flat iron automatically. In addition, the 

speed of closing should be moderate to prevent the ceramic plates on the flat iron 

from being damaged. The pressure exerted on hair by the flat iron should be constant 

across all hair types. Even though the friction between the hair fiber and ceramic 

plates is expected to be quite low, it is better to be cautious and avoid introduction of 

any additional friction which might add to the tension in hair, and hinder the control 

of this parameter. The plane in the center of the flat iron in a vertical direction 

should align with the plane on which the hair sample is. In other words, as the flat 

iron opens/closes and moves along the hair sample, it should not affect the height 

of the sample. Any change in the height will extend the hair fiber and result in an 

undesirable increase in tension. Finally, the whole clamp mechanism should have 

a way to engage and retract the flat iron on and from the hair sample so that the 

flat iron does not hinder mounting and demounting of the hair sample. This will 

also allow the flat iron for time to heat up without affecting hair samples before it 

is deployed. Moreover, this will enable more accurate simulation of a flat ironing 

procedure which involves users’ taking a flat iron away from hair after each pass. 

Overall, each mechanism should be well secured to each other and work au-

tonomously to minimize both the time spent for each experiment and experimental 

errors. 



32 

3.3.2 Final Concept 

Figure 3.3 shows the final concept of the flat ironing mechanism. The sample 

stage consists of a linear stage that provides a lateral motion (Figure 3.4) and the 

tension mechanism which secures a hair sample and applies tension to it (Figure 3.5). 

The tension mechanism is actuated by a DC motor to avoid affecting the reading on 

a load cell with vibration. The motor drives a threaded rod which in turn moves a 

slider back and forth. Mounted on this slider is a thin beam load cell. It measures 

the tension in hair. To do so, it is also connected to a 3D printed clamp that secures 

the distal end of a hair fiber. On the other side of the extruded frame is a binder 

clip that secures the other end of the hair sample, which is going to be wrapped 

with an electrical tape. Also, as a safety measure, limit switches were installed to 

prevent linear stage from operating past each end of the hair sample and damaging 

hair samples or other parts. 

Figure 3.3. CAD model of the final concept. 
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Figure 3.4. CAD model of the linear stage. 

Figure 3.5. CAD model of the tension mechanism. 

The clamp mechanism consists of a linear stage that engages and disengages the 

flat iron and 3D printed clamps in which the flat iron is installed (Figure 3.6). The 
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clamps utilize thumb screws on its sides to secure the flat iron. A stepper motor 

actuates the upper clamp which subsequently drives the lower clamp via attached 

plastic gears. This mode of actuation is convenient for exerting constant pressure on 

hair samples. 

A belt-driven linear stage operated by a stepper motor enables deployment and 

withdrawal of the mechanism as shown in Fig 3.7. The rest of the parts are simply 

supporting structures that ensure the planes on which the hair sample and flat iron 

plates coincide. 

Figure 3.6. CAD model of the clamp mechanism. 

3.3.3 Analyses for Motor Selection 

The design requires no parts where structural rigidity is crucial. Thus, no struc-

tural analysis was performed. Instead, analyses were performed to select appropriate 

motors to drive all the parts. The sample linear stage requires no analysis as an 

appropriate motor that meets design criteria was provided by Igus. For the flat iron 
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Figure 3.7. CAD model of the linear stage for the clamp mechanism. 

linear stage, required torque was calculated by measuring the friction between the 

slotted frame and linear bearing (Free body diagram shown in Figure 3.8). 

Figure 3.8. Free body diagram of flat iron linear stage. 
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Required torque for the clamp mechanism was calculated by treating the clamps 

as beams (Figure 3.9). For the tension mechanism, the friction between the frame 

and linear bearing was used (Figure 3.10) along with an equation for a lead screw 

(Equation (3.7)) to calculate the necessary torque. 

Figure 3.9. Free body diagram of clamp mechanism. 

� � 
Ffrictiondm l + πfdm sec α 

Tmotor = (3.7)
2 πdm − fl sec α 

3.3.4 Selection of Electronic Components 

There are three main electronic components involved in the design: motor drivers, 

Arduino microcontrollers and Arduino shield for stepper motors. A motor driver is a 

breakout board specifically designed to control a motor. Three stepper motor drivers 

control the sample and flat iron linear stage and the clamp, and a DC motor driver 

controls the tension mechanism. Arduino microcontrollers were used to accept input 

variables for the experiment and coordinate the movement of each component of the 
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Figure 3.10. Free body diagram of tension mechanism. 

system to simulate a flat ironing process. In total, three Arduino controllers were used. 

One Arduino Uno receives and feeds signal from a load cell to main controller, and 

each of the two Arduino Mega’s acts as a main controller and a dedicated controller 

for the tension mechanism. Arduino shield is an add-on board to Arduino controller 

that enables easy implementation of motor control without the need for designing a 

circuit by oneself. The shield used can accommodate up to four stepper drivers at 

once. Figure 3.11 shows all the electronic components used for the design. 

3.3.5 Automation with Arduino Microcontroller 

A program to control the flat ironing procedure was developed using an Ar-

duino microcontrollers and accompanying IDE (Integrated Development Environ-

ment). This was enabled through I2C and serial communication between the three 

Arduino boards and a laptop/desktop. The breakdown of its functions is as follows: 
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Figure 3.11. Electronic components used for the flat ironing mechanism. 

(1) Open, (2) Close, (3) Execution, (4) Calibration, (5) Setting, and (6) Display the 

setting. 

Open function opens up the flat iron to preheat the ceramic plates to a desired 

temperature before the experiment. Close function closes the flat iron. It enables 

setting the appropriate pressure prior to the experiment. Execution triggers the 

simulated heat application procedure. Upon the execution, users will be prompted 

to input desired tension in hair, a gliding speed of a flat iron and the number of 

passes. Calibration lets users adjust the position of the sample stage, flat iron, slider 

of the tension mechanism and flat iron linear stage. Setting allows users to change 

default parameters such as a maximum sample length, flat iron width, speed of flat 

iron stepper motor, and the number of steps for Close/Open of the flat iron. Finally, 

users can see the current parameters using the last function. 
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3.3.6 Fabrication 

To minimize the burden for designing and fabricating every part, most parts 

were designed using pre-manufactured parts. Some unconventional parts with simple 

shapes were fabricated using aluminum plates. Parts with complex shapes such as 

flat iron clamps and a sample holder clamp attached to a load cell were 3D printed. 

Figure 3.12 shows the completed assembly. 

Figure 3.12. Completed assembly of the flat ironing mechanism. 

3.3.7 Empirical Analyses and Assessment of Design Requirements 

To address issues that could have been overlooked during the design process, 

empirical analyses are performed. Afterwards, fulfillment of design requirements for 
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the sample stage and clamp mechanism is separately assessed, which is followed by 

the overall assessment. 

Assessment for the Sample Stage: The performance of the final design was 

assessed for the design criteria. The sample stage was capable of accommodating 

lengths of hair from 3 in to approximately 7 in. Furthermore, it successfully demon-

strated its capacity to hold hair samples securely with the help of an electrical tape. 

One end of the hair sample was wrapped with the tape to provide a frictional surface 

which the binder clip can hold onto (Figure 3.13). This additional surface would also 

serve as a means to label each hair sample (Figure 3.14) and to hang the sample on 

a string with a binder clip to dry them after each wash. The other end was clamped 

by a 3D printed clamp (Figure 3.15. This clamp was designed to be detachable from 

the load cell in order to protect the thin beam from bending while clamping the 

hair. Figure 3.16 shows the configuration when it is attached. The clamp secures the 

free hanging end of the hair between the two small magnets for the convenience of 

mounting and demounting. 

The tension mechanism was able to apply tension up to 25 g with the resolution 

of 0.1 g. Above it, the rate at which hair slips exceeds the rate of tension adjustment, 

and tension control becomes implausible. Yet, this is well above the target maxi-

mum tension of 10 g and satisfies the design requirement. In addition, the feature to 

apply/cease tension to hair sample was successfully implemented. The linear stage 

could extend the length of a sample with the resolution of 0.0825 mm. 

The sample stage (Figure 3.17 ) required an empirical test to validate whether it 

can reach 5 cm/s with the hair fixture mounted on it. The linear stage could move 

faster than the desired maximum value of 5 cm/s at about 13 cm/s without skipping 

steps. 1/4 micro stepping was used to reduce the vibration and make the to-and-fro 

motion smoother. Also, the linear stage had no problem carrying the load back and 

forth. 

Assessment for the Clamp Mechanism: The clamp mechanism successfully 

secured a commercial ceramic flat iron manufactured by Hairart (Figure 3.18). The 
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Figure 3.13. A binder clip that clamps on the taped side of hair sample. 

stepper motor was able to open and close the flat iron at desired speed by users. 

Aligning the surfaces of plates perfectly parallel to hair samples was a challenge and 

was unsuccessful. As a result, when the flat iron clasps on the hair the difference in 

height introduced additional tension to the hair. This disturbance was managed by 

dedicating one Arduino microcontroller to continuously adjusting the tension while 

the flat iron is gliding on the hair sample. The flat iron linear stage could glide at 

about 10 cm/s without skipping, which is well above the targeted value of 5 cm/s, 

and successfully carried the load on it. What was unexpected was its generating 

lots of vibration as it translates towards the hair sample. This was due to a highly 

concentrated frictional surface caused by asymmetrical distribution of load. A carbon 

steel block was added to counter-balance it as can be seen in Figure 3.18 
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Figure 3.14. Electrical tape wrapped around a hair sample to provide 
a frictional surface and space to label the sample. 

Overall Assessment: Overall, the design met all the targeted design criteria and 

performed as expected. Although there were several unexpected challenges discovered 

after assembly and test runs, they were all adequately addressed as described in 

Section 3.3.7. 

Despite the satisfactory performance, there is still room for improvements. First 

is the linear bearing used to translate the slider with a load cell. While being simple 

and low-cost, it allows enough room for the slider to wiggle as it translates along 

the frame. Moreover, when the limit switch on the extended arm comes to contact 
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Figure 3.15. (a) A top view of a detachable 3D printed clamp with a 
magnet in a rectangular hole. (b) A bottom view of the detachable 
clamp (c) One end of hair sample is place between the two magnets 
and secured in its place. 

with the lower clamp, the slider tends to be pushed back. While this is a subject for 

improvement, its impact on experiment is deemed negligible. 

Second is the flat iron linear stage. It is a simple, low-cost substitute for a proper 

linear stage; however, due to much room for play as was the case for the load cell 

slider, it generates a lot of vibration as the linear stage glides towards the hair sample. 

The problem was addressed by a carbon steel block. Yet, the increased weight hanging 

in the mid air introduced slight vibration when the linear stage halts abruptly. A 
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Figure 3.16. The 3D printed clamp attached to a structure to which 
a load cell is installed. This way, when the hair sample secured to the 
clamp is pulled the load cell can directly sense the amount of tension 
being applied to the hair. 

better linear stage with tight tolerance between a bearing and rails would solve the 

problem. However, to reduce the cost, the problem was addressed by implementing 

deceleration with a microcontroller before the linear stage comes to a halt. 

Third is the grip of the sample clamp. While it can apply tension up to 25 g 

with constant tension adjustment by a dedicated microcontroller, the consistency of 

the tension applied will increase and the complexity of the system will decrease if 

the clamp can provide better grip. This may be achieved by further increasing the 

surface area of the clamp or applying a material with higher friction. 
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Figure 3.17. Picture of the sample stage. 

3.4 Experimental Methods 

In this section, sample preparation and experimental procedures are discussed. 

3.4.1 Samples 

Asian (Type I by STAM) and African hair samples (a mixture of Type V, VI, and 

VII by STAM) as received from International Hair Importers and Products (IHIP) 

were used in this study. The samples were collected from multiple subjects and 

therefore the STAM curl class of African hair was not strictly controlled. Therefore, 

the results from this study should be considered with respect to the traditional geo-

racial hair typing. 
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Figure 3.18. Picture of the clamp mechanism. 

For the experiments that test the impact of flat ironing on the fatigue strength, 

bundles of hair were produced. For Asian hair samples, approximately 30 mg of 

swatches were prepared from the original bundles provided by IHIP (Figure 3.19 (a)). 

African hair bundles were prepared by IHIP upon request (Figure 3.19 (b)). The 

cross-sectional dimensions of each bundle were controlled to its best for consistency. 

Each swatch was soaked in a 1 solution of a clarifying shampoo for 3 minutes before 

it was equilibrated at 21 ◦C to 22 ◦C and 48 %RH to 52 %RH for at least 24 hours. 

For the experiments on the straightening efficacy and permanent curl loss, single 

strands of hair were prepared. They were shampooed and dried overnight following 

the same protocol as that of the bundles. 



\ 

(b) 

47 

Figure 3.19. (a) Representative prepared bundles of Asian hair. Each 
bundle contains approximately 30 mg of hair, and the thickness and 
width are approximately 0.22 mm and 10 mm, respectively. (b) Rep-
resentative prepared bundle of African hair. Each bundle contains 
approximately 30 mg of hair, and the thickness and width are approx-
imately 0.5 mm and 10 mm, respectively. 

3.4.2 Equipment 

The flat ironing mechanism introduced in the previous section applied each flat 

ironing conditions while an infrared camera (A6703sc, FLIR, USA) captures the ther-

mal images to calculate the exposure time discussed in Section 3.2. Figure 3.20 shows 

the experimental setup comprised of the infrared camera (IR), a laptop for data ac-

quisition, and the flat ironing mechanism. The hair bundle remains fixed while the 

flat iron moves across the hair, enabling the camera to remain focused on the hair 

bundles. 
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Figure 3.20. An automated flat ironing mechanism to control the 
gliding speed, the number of passes, and the cooling time between 
each cycle. The automated control not only enables thermal imaging, 
but also minimizes experimental variations that would be present with 
human flat ironing. 

3.4.3 Experimental Procedures 

The following tables list the flat ironing conditions used to test Asian hair (Table 

6.1) and African hair (Table 6.2). Each condition was applied for 40 cycles to Asian 

hair and 20 cycles to African hair to inflict hair with a sufficient amount of damage to 

clearly distinguish one condition from another. The lower number of cycles applied 

to African hair is attributed to inherently low fatigue strength of African hair [65]. 

Figure 3.21 schematically illustrates an experimental procedure followed to flat 

iron bundles of hair to assess the reduction in fatigue strength. 
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Table 3.1. Flat ironing conditions for Asian hair. 

Temperature (celsius) 115 164 210 

Gliding Speed (cm/s) x Number of Passes 1 x 1 3 x 3 5 x 5 

Table 3.2. Flat ironing conditions for African hair. 

Temperature (celsius) 115 210 

Gliding Speed (cm/s) 1 5 

Number of Passes 1 5 

Figure 3.21. Illustration of the entire experimental procedure followed 
to flat iron a bundle of hair and evaluate the reduction in fatigue 
strength. 

After the sample of bundled hair is prepared as described in the previous section, 

it is removed from the cardboard box and mounted on the flat ironing mechanism. It 

is important to ensure that hair is not taut when first mounted as it can cause tension 

on the sample and disturb zero calibration of the load cell. Next, Open function of 

the Arduino program introduced in Section 3.3.5 is used to open the flat iron (Figure 

3.22). The flat iron will be switched on, and the temperature setting will be adjusted 

to a desired value (Figure 3.23); five minutes will be allowed to let the flat iron reach 

the target temperature. Afterwards, Close function will be used to close the flat iron; 
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one needs to ensure that the two plates are touching each other when the flat iron 

is closed (Figure (3.24). This is to exert constant pressure on all hair samples and 

avoid inducing unnecessary tension from increased friction. Then, the experiment 

is executed. The experimenter will be prompted with a message to input desired 

tension, number of passes, and gliding speed (Figure 3.25). Note that the feature for 

active tension control was disable because tension was treated as a fixed parameter as 

was previously discussed in Section 3.2. After these values are inputted according to 

the desired condition, the flat ironing process will execute. The IR camera recorded 

videos during the specified cycles in Figure 3.21 to confirm that the exposure time 

does not vary in each cycle. 

Figure 3.22. With Open function of the Arduino program, the flat iron opens. 

After treating all the swatches under all the conditions, reduction in their fatigue 

strength was measured. Fifty fibers from each swatch were tested to draw statistically 
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Figure 3.23. An on/off switch and an adjusting knob for temperature. 
The flat iron is turned on and adjusted for a desired temperature 
setting while it is open. 

sound inferences from the results. All the fibers were selectively chosen from the 

middle section of the bundle where contact with a flat iron was most direct. Both 

ends of each fiber was clamped between brass clamps using an automated clamping 

system (Dia-Stron AAS 1600, Dia-Stron, UK) before they were mounted on a fatigue 

tester (Dia-Stron CYC801, Dia-Stron, UK). Then, 140 MPa of stress was applied until 

the fiber finally broke. The particular amount of stress was chosen to stay within the 

Hookean region while being sufficient to break the fibers within a day to prevent a 

prolonged experiment time. Throughout the whole testing process, the temperature 

and relative humidity were maintained at 23 ◦C and 50 %RH respectively. 

Separate sets of experiments were conducted on single strands of hair to assess 

the effects of flat ironing conditions on hair straightening and curl loss (Figure 3.26. 
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Figure 3.24. Close function closes the flat iron. Note that the Close 
function is executed multiple times to ensure there is no gap between 
the plates. 

For all the measurement, a single strand of hair was mounted on the flat ironing 

mechanism and stretched straight with minimal amount of tension (less than 0.1 g) 

using the embedded load cell to prevent it from affecting the results. The detailed 

procedure for flat ironing is equivalent as before and is omitted here. To assess each 

flat ironing metric, Ln, Le, and CD are measured before the flat ironing. Ln and 

Le are measured immediately following the flat ironing to calculate the immediate 

straightening efficacy as was described in Section 3.1. Then, the hair is equilibrated 

for 24 hours before Ln and Le measured again to evaluate the long-term straightening 

efficacy. After going through one more round of shampooing, rinsing, and equilibrat-

ing, CD is measured to calculate the permanent curl loss. 
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Figure 3.25. A prompt message asking for desired tension, number 
of passes and gliding speed is printed on a window for serial commu-
nication between an Arduino microcontroller and PC. One can open 
the window from the Arduino IDE. 

Figure 3.26. Illustration of the entire experimental procedure followed 
to flat iron a single strand of hair and evaluate the straightening 
efficacy and permanent curl loss. 

The experiments were conducted on African hair alone as already straight Asian 

hair would not show any change in shape. Twenty-five (25) fibers were tested for 

the equivalent flat ironing conditions used in the fatigue experiment for African 

hair. This allows us to collect meaningful data about the relationships between hair 

strength, straightening, and curl loss. Unlike the fatigue strength, in the experiments 

for straightening efficacy and permanent curl loss, flat ironing occurred only for one 
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cycle (not 20 heat cycles as for the bundle experiments). The induced straightening 

and curl loss effects may differ to a significant degree if administered on a bundle of 

hair as the interaction between fibers will differentiate the overall heat transfer and 

the resultant effects of heat. 

3.5 Multiple Linear Regression 

After running all the experiments, attempts for predictive modeling was conducted 

by using multiple linear regression. All three flat ironing parameters, gliding speed 

(V), number of passes (N), and temperature setting (T) were used along with the 

exposure time (E) as predictors for the four metrics of flat ironing results: fatigue 

strength (FS), straightening efficacy (SE), long-term straightening efficacy (LTSE), 

and permanent curl loss by curl index (PCLCI) and by curl diameter (PCLCD). 

Throughout all the procedures, the following steps were followed to ensure the 

best practice. First of all, all datasets were tested for Gaussian distribution neces-

sary to satisfy the basic assumption of regression. For those that did not follow the 

distribution, Box-Cox transformation was performed as deemed appropriate. If there 

are data points that are significantly far away from the Q-Q plot, which assesses the 

Gaussian distribution, the common definition of outlier – any points that lie outside 

75th percentile plus 1.5 times the interquartile or 25th percentile minus 1.5 times the 

interquartile - was applied to eliminate those points as needed. Also, where appro-

priate, the predictors were used in a higher order of polynomial term to better fit the 

data. Interaction between the predictors were used to account for the variation in the 

effect size of a predictor with the presence of the other predictors as well. 

For the model selection procedure, Mallows’s Cp, adjusted R2 , and the number 

of predictors were used simultaneously as criteria. The model that minimizes Cp 

(less bias in the predicted values) and the number of predictors (economic use of 

predictors) yet maximizes adjusted R2 (higher explanatory power of the model) was 

selected as the best model for each response variable. 
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3.6 Results and Discussion 

In this section, the results of experiments and multiple linear regression are pre-

sented and discussed. Table 4.3 lists the results from testing the fatigue strength of 

Asian hair after flat ironing. Some observations were excluded for failing prematurely 

or being outliers. Nevertheless, the exclusion of observations has no significant im-

pact on conducting the necessary statistical analysis because the remaining number 

of observations is sufficiently large. 

Table 3.3. Results for the fatigue test Asian hair. 

Sample T (C) V (cm/s) N E (sec) # of Fibers 
log(# of cycles to failure) 

Mean STD 

Control 0 0 0 0 50 3.79 0.61 

A1 115 1 1 4.24 48 3.5 0.54 

A2 115 3 3 6.17 46 3.51 0.53 

A3 115 5 5 10.42 40 3.52 0.53 

A4 164 1 1 7.11 47 3.32 0.5 

A5 164 3 3 18.38 48 3.27 0.75 

A6 164 5 5 22.5 48 3.5 0.59 

A7 210 1 1 9.26 44 1.63 0.48 

A8 210 3 3 22.88 48 2.24 0.64 

A9 210 5 5 33.93 49 2.14 0.56 

Box-Cox transformation of the response variables was necessary to impart the 

Gaussian distribution to the data. Both the data for Asian and African hair went 

through a log transformation. Henceforth, the transformed form of the response 

variables is presented. Due to the high volume of data, means and standard deviation 

are presented instead of providing the whole data. 

Multiple linear regression of the fatigue strength of Asian hair indicated that a 

cubed term of a temperature setting is the single best predictor with the adjusted 
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R2 of 0.5282 as shown in Figure 3.27. The best model (adjusted R2=0.5969) selected 

following the pre-established criteria is shown below: 

Figure 3.27. log(FSAsian) against the single best predictor T emperature3 . 

log FSAsian = 5.208 × 10−5T 2 − 8.2 × 10−3T − 6.713 × 10−10T 3E3 
(3.8) 

+ 3.428 × 10−10T 3E3N − 4.195 × 10−11T 3E3V N + 3.79 

Including an additional temperature setting term and the interaction terms in-

crease the explanatory power by about 7 %. Even though this may not be an impres-

sive improvement considering the addition of four terms, it greatly reduces the bias 

in the prediction which is evaluated by Mallowss Cp. 

Comparing the residues and the predicted values by the model (Figure 3.28) serves 

a diagnostic purpose of visualizing how residuals are distributed. One can be assured 

of the soundness of fit if the residuals are randomly scattered about zero and do 

not display any signs of pattern. The residuals of the best model for Asian fatigue 

strength are randomly scattered about zero and therefore satisfies the criterion. The 

plot indicates that the relatively low R2 is likely attributed to the inherently large 
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variation in the fatigue strength across the individual strands of hair. The fact that 

the hair samples were prepared from multiple subjects could further amplify the 

magnitude of variation. Also, even though only the study on a different growth rate 

and density (hairs per unit area on a scalp) exists [89], it is well known among people 

that hair from different areas of scalp behaves differently. Therefore, the model is 

more suitable for predicting the behavior of the whole population of hair type to 

which it belongs. The explanatory power of the model is likely to increase if the same 

experiment is performed with the hair collected from the same area on a scalp of a 

single subject. 

Figure 3.28. Residuals versus predicted values for the fatigue strength 
of Asian hair. 

Next, Table 3.4 lists the results from flat ironing African hair under various con-

ditions. Again, multiple linear regression was performed on the fatigue strength of 

African hair. It should be noted that the data for African hair had some outliers 

that were significantly affecting the Gaussian distribution as well as the regression 

and were eliminated according to the appropriate procedure outlined at the end of 
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Table 3.4. Results for the fatigue test on African hair. 

Sample T (C) V (cm/s) N E (sec) # of Fibers 
log(# of cycles to failure) 

Mean STD 

Control 0 0 0 0 47 3.65 0.67 

AA1 115 1 1 4.7 39 3.6 0.61 

AA2 115 1 5 26.9 47 3.35 0.75 

AA3 115 5 1 0.7 45 3.49 0.6 

AA4 115 5 5 4.2 49 3.3 0.53 

AA5 210 1 1 14.9 46 2.8 0.57 

AA6 210 1 5 70.4 47 1.65 0.28 

AA7 210 5 1 7 45 3.36 0.67 

AA8 210 5 5 42.7 41 3.05 0.68 

the previous section. As a result, 13 observations were excluded from the regression 

process. This is expected for African hair samples as often fail prematurely during 

mechanical tests due to the inherent defects and inconsistent cross-sectional profiles 

that introduce weak points [63–65]. 

In contrast to the experiment with Asian hair, a cubed term of a temperature 

setting yields a much lower adjusted R2 of 0.213. For the experiment with African 

hair, the exposure time is the single best predictor with adjusted R2 of 0.4166 as 

shown in Figure 3.29. The best model shown below yields adjusted R2 of 0.4821. 

log FSAfrican = −4.691 × 10−2N − 3.042 × 10−11T 3E3 + 5.98 × 10−12T 3E3N + 3.585 

(3.9) 

In this case, the addition of two terms leads to an increase of R2 by 7 %. The 

magnified importance of interaction terms seems to originate from the difference in the 

flat ironing conditions applied to Asian and African hair. For Asian hair, the gliding 

speed and number of passes were coupled together (e.g. 1x1, 3x3, and 5x5). This was 

done to test if a temperature setting would be a dominant factor if the duration for 
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Figure 3.29. log(FSAfrican) against the single best predictor (ExposureT ime)3 . 

which a flat iron comes in a direct contact with hair is held constant, which turned 

out to be the case. Thus, the possible combination between the two variables was 

limited and their interaction not captured. On the contrary, for African hair, the two 

variables were decoupled and tested for all possible combinations thereby allowing 

the interaction between them and with the other variables to be better observed. 

The same argument may also explain why the exposure time has become the 

dominant factor for the case of African hair. The exposure time is the result of the 

heat transfer which is determined by the effects of other parameters, a temperature 

setting, the gliding speed and number of passes. Thus, the exposure time seems to 

largely account for the magnified importance of interaction terms by itself. Based on 

this reasoning, it may be plausible to expect that by testing all possible combinations 

of the gliding speed and number of passes, the interaction terms and the exposure 

time will become significant for Asian hair as well. 

The high correlation between the exposure time and the reduction in fatigue 

strength is consistent with the results of other relevant works. The amount of change 
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in denaturation temperature and enthalpy, which are presumed to be directly related 

with crystallinity of intermediate filaments in the cortex and the disulfide bonds in 

the matrix respectively [72,90], can be described with a first-order kinetic model [21]. 

Furthermore, the change in the fraction of α-crystalline in the cortex has a direct 

relationship with the mechanical property of hair such as elastic modulus [9, 91]. 

Figure 3.30. Residuals versus predicted values for the fatigue strength 
of African hair. 

Figure 3.30 visually compares residues and predicted values by the best model for 

the fatigue strength of African hair. As was the case for Asian hair, the inherently high 

variation across fibers and that hair was from multiple subjects without controlling 

the area of collection possibly explain the relatively low explanatory power expressed 

by R2 . Also noteworthy is that there tend to be more influential observations that 

are scattered farther away from zero, especially toward the lower end, compared with 

Asian hair. The use of African hair samples where Type V, VI, and VII coexist could 

mostly explain the higher variability in the fatigue strength of individual strands than 

Asian hair and the relatively lower R2 value. Moreover, Porter et al. [67] reported high 
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Table 3.5. Results for the straightening efficacy experiment on African hair. 

Sample T (C) V (cm/s) N E (sec) # of Fibers 
log(SE+1) 

# of Fibers 
(LTSE+1)0.2 

Mean STD Mean STD 

AA1 115 1 1 4.7 25 -1 0.46 15 0.87 0.07 

AA2 115 1 5 26.9 24 -1.19 0.47 24 0.88 0.08 

AA3 115 5 1 0.7 25 -0.87 0.68 25 0.91 0.09 

AA4 115 5 5 4.2 25 -0.98 0.5 16 0.92 0.08 

AA5 210 1 1 14.9 25 -1.66 0.42 20 0.75 0.07 

AA6 210 1 5 70.4 25 -1.53 0.42 25 0.8 0.08 

AA7 210 5 1 7 25 -1.48 0.46 25 0.8 0.08 

AA8 210 5 5 42.7 25 -1.64 0.36 20 0.76 0.06 

variability in the mechanical strength and thermal stability of African hair within the 

same STAM hair type, which could further amplify the variability. Interestingly, the 

variability is minimized when the hair is treated by the harshest condition (210 ◦C, 

1cm/s, 5 passes). 

Table 3.5 shows the results for straightening efficacy test on single strands of 

African hair. Response variables of both the straightening efficacy and long-term 

straightening efficacy were transformed by taking the log and the power of 0.2, re-

spectively. The results for the long-term straightening efficacy are devoid of some 

observations because the decision to measure it was made after completing several 

runs of experiments on the straightening efficacy. Nonetheless, the regression analysis 

is unhampered because of the high volume of data available and the consistency in 

the ranges of mean and standard deviation. 

Figures 3.31 and 3.32 are plots of log(SE+1) and (LT SE + 1)0.2 against the 

temperature setting which is the dominant factor in both cases (adjusted R2 = 0.2568 

and 0.3674, respectively). Figures 3.33 and 3.34 illustrate the comparisons between 

residuals and predicted values by each respective best model for the straightening 

efficacy and long-term straightening efficacy of African hair upon flat ironing. The 
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best models constructed for each metric (adjusted R2 is 0.277 and 0.3998, respectively) 

are as follows. 

log (SE + 1) = −5.08 × 10−3T − 1.58 × 10−2E + 3.977 × 10−5E2N − 0.317 (3.10) 

(LT SE + 1)0.2 = −6.032 × 10−5TV − 7.796 × 10−4E2V + 1.518 × 10−4E2V N + 0.884 
(3.11) 

Figure 3.31. log(SE + 1) against the single best predictor Temperature Setting. 

Similar to the case of fatigue strength, the temperature setting was the most 

dominant factor for both metrics, and most of the variation could be explained by 

it alone. However, to minimize the bias in the model, inclusion of extra terms was 

necessitated by following the Mallows’s Cp criterion. As a result, the model for the 

long-term straightening efficacy now only includes interaction terms. 

Note the contrast in the R2 values between the two metrics. The model for 

the long-term straightening efficacy is accounting for 12 % more variability in the 

results than the model for the straightening efficacy. It seems that the slight loss 

of straightening efficacy upon exposure to humidity and stabilization of hair shape 
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Figure 3.32. (LT SE + 1)0.2 against the single best predictor Temperature Setting. 

Figure 3.33. Residuals versus predicted values for the straightening 
efficacy of African hair. 
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Figure 3.34. Residuals versus predicted values for the long-term 
straightening efficacy of African hair. 

over time reflect the effect of flat ironing more accurately. This could mean that the 

lost 12 % of explanatory power is due to missing predictors that can account for the 

immediate straightening efficacy. 

Tension in hair could be a potential culprit; however, as was previously described, 

tension in hair was carefully measured and kept to near zero for each heat application. 

Moreover, calculation for the required tensile force to induce permanent deformation 

of hair shape based on the wet-state Young’s modulus and cross-sectional area of 

African hair [63] indicates that any tensile force below what is equivalent to approx-

imately 0.9 g would still allow hair to remain within a Hookean region. Therefore, in 

a dry state hair would be even more resistant against shape change with the presence 

of such low tension. 

This may have more to do with intrinsic variability in each strand of hair such as 

the ability to absorb moisture or some other morphological factors that respond dif-

ferently to heat. Again, the hair samples supplied are from multiple subjects without 
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Table 3.6. Results for the permanent curl loss experiment on African hair. 

Sample T (C) V (cm/s) N E (sec) # of Fibers 
log(PCLCI+1) log(PCLCD+1) 

Mean STD Mean STD 

AA1 115 1 1 4.7 23 -0.01 0.42 -0.04 0.28 

AA2 115 1 5 26.9 24 0.14 0.61 -0.06 0.23 

AA3 115 5 1 0.7 25 0.07 0.43 -0.01 0.21 

AA4 115 5 5 4.2 25 -0.03 0.56 -0.07 0.26 

AA5 210 1 1 14.9 25 -0.45 0.57 0.4 0.29 

AA6 210 1 5 70.4 23 -0.24 0.6 0.32 0.23 

AA7 210 5 1 7 25 -0.39 0.59 0.14 0.24 

AA8 210 5 5 42.7 25 -0.59 0.49 0.24 0.28 

controlling its location on the scalp. Furthermore, mechanical strength and thermal 

stability are reported to vary by ethnicity even if the hair belongs to the same STAM 

hair type [67]. Therefore, it is highly likely that the difference in response to heat 

application relates to these factors. Why such variability appears to a lesser degree 

upon the exposure to humidity requires a separate in-depth study to be answered. 

Finally, we evaluate the permanent curl loss for African hair (Table 4.7). The 

permanent curl loss was assessed by both the change in the curl index and curl 

diameter. Both metrics were transformed by taking the log to follow the Gaussian 

distribution. The few missing observations are due to the breakage or loss of fibers 

that occurred during the experiments. 

The best models for each metric is presented below. The adjusted R2 value of the 

modeling utilizing the curl index (0.1678) is clearly much lower than that utilizing the 

curl diameter (0.3178). Thus, we conclude that the change in curl diameter better 

evaluates the permanent curl loss due to flat ironing. Like the previous models, 

relatively low R2 value plausibly originates from the inherently large variability in 

the samples. 
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Log(P CLCI + 1) = −1.207 × 10−5TE2V + 2.35 × 10−6TE2V N + 6.07 × 10−2 

(3.12) 

log (P CLCD + 1) = 5.393 × 10−8TE4V − 1.077 × 10−8TE4V N − 2.729 × 10−2 

(3.13) 

Figure 3.35 show the plot of log(PCLCD+1) against the dominant factor, tem-

perature setting, with the adjusted R2 value of 0.2706. 

Figure 3.35. log(PCLCD+1) against the single best predictor Temperature Setting. 

The residuals versus predicted values again validates random spread of residuals 

about zero and justifies the soundness of fitting the model (Figure 3.36). 

Across all cases, the temperature setting is the most dominant predictor. Thus, 

the use of temperature setting by manufacturers as the sole criterion was an effi-

cient choice. However, as demonstrated by the model for the fatigue strength of 

African hair, the interactions between all the participating parameters become far 

more important than the temperature setting alone when we are dealing with vari-

ous combinations of gliding speed and number of passes. Furthermore, it is vital to 
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Figure 3.36. Residuals against predicted values for the permanent 
curl loss of African hair. 

consider all participating parameters in order to minimize the bias and maximize the 

accuracy of the prediction. On the other hand, the single cycle of flat ironing might 

not have been effective at accurately assessing the effect of prolonged use of a flat iron 

on the straightening efficacy and permanent curl loss. In fact, the denaturation of 

α-helices is reported to be closely related with the permanent straightening in African 

hair [92, 93]. Thus, the correlation between the exposure time and the straightening 

efficacy and permanent curl loss may increase with an increment in the number of 

flat ironing cycles. To account for all these aspects, construction of predictive models 

for various flat ironing results is essential for assessing the consequences prior to the 

use of heat and will prove to be a helpful tool for advising flat iron users on judicious 

use of the device. 
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4. EFFECTS OF HEAT PROTECTANTS ON FLAT IRONING 

This chapter delves into the actual benefits of heat protectants apart from their 

market claims about the protection from heat damage. To lay the basis for the 

inquiry, the know benefits of heat protectants are reviewed. Then, its effects are 

experimentally validated following the same procedures introduced in the previous 

chapter except that, this time, analysis of variance (ANOVA) is utilized to specifically 

evaluate if the effect of the protectants has statistical significance. 

4.1 Known Benefits of Heat Protectants 

Heat protectants have been widely promoted as a product which protects hair 

from heat damage caused by heating appliances such as a curling iron and flat iron. 

The usual explanation for its mechanism commonly involves retarded penetration of 

heat by a protectant layer that contains silicone. While there are no studies that 

proved it, a few scientific studies did report the benefits of silicone. Christian et 

al. [8] observed that use of dimethicone mitigates the reduction in Young’s modulus 

upon heat styling. They also reported improvement in tryptophan preservation even 

though multiple doses of silicone application were necessary to enable it. They also 

reported adverse effects of a water-based heat protectant in comparison with a dry 

protectant; the water-based protectant exacerbated reduction in Young’s modulus, 

break strength, and damages to medulla and cortex. 

On the other hand, Dussaud et al. [9] reported that amodimethicone can help 

preserve hair’s thermal stability, which was measured by a mitigated decrease in 

keratin denaturation temperature and change in denaturation endothermic enthalpy. 

However, the effect was not distinguishable from that imparted by water. The case 

was the same for the change in Young’s modulus; it decreased by a similar amount 
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with the presence of amodimethicone and water alike. Instead, the silicone provided 

better fiber alignment, reduced friction, and improved moisture retention. 

Despite silicone’s proven benefits, one can easily recognize the misalignment be-

tween the actual benefits of silicone and what the customers expect. Even though 

customers expect heat protectants to protect hair from heat as the name suggests, 

scientifically proven effects for heat protection is tenuous while other benefits for fiber 

alignment and reduced friction are more prominent. Moreover, considering that heat 

protectants are promoted as a necessary step in the heat styling process, the evalua-

tions of the product performance conducted by the previous studies seem inadequate 

for correctly reflecting what customers expect from heat styling. Keratin denaturation 

or Young’s modulus exhibits only partial information about the structural integrity 

of hair; it is unclear how much of it will translate into a palpable degree of damage 

customers experience during their daily grooming activities. In particular, when it 

comes to heat styling that involves flat ironing, the results of straightening and the 

resultant loss in curls also become the center of concerns. Depending on individual’s 

unique hair care needs, one or both of these concerns may compromise the concern for 

hair strength to a certain degree. Thus, the performance of heat protectants or any 

types of products that serve a similar purpose should be evaluated by the metrics that 

reflect the three main concerns of flat iron users: reduction in hair strength, effec-

tiveness of straightening, and loss of curls as was already introduced in the previous 

chapter. 

In this work, the four metrics of flat ironing results are utilized to evaluate the 

performance of both a non-silicone containing and silicone containing heat protectant 

under various flat ironing conditions. Statistical analysis is performed to assess if 

the presence of the heat protectant makes any statistically significant difference to 

each metric. Then, a discussion on the overall implications of the results and their 

utilization for the benefits of flat iron users follow. 
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4.2 Experimental Methods 

The experimental methods and procedures are mostly equivalent to those of the 

previous chapter. The only difference is the application of a heat protectant for 

additional conditions that contain them. Then, instead of constructing predictive 

models, I conducted an analysis of variance (ANOVA) to evaluate if the presence 

of a heat protectant creates any statistically significant difference to the flat ironing 

results. 

4.2.1 Samples 

Asian hair bundles were prepared from the original hair swatches provided by In-

ternational Hair Importers and Products (IHIP). African hair bundles were prepared 

by IHIP upon request. Each bundle weighed approximately 30 mg. Both ends were 

glued to maintain its form and maximize the consistency in the length of each strand 

when stretched. Each bundle was soaked in a 1 % solution of clarifying shampoo for 5 

minutes before being equilibrated at 21 ◦C to 22 ◦C and 48 %RH to 52 %RH overnight. 

Heat protectants were sprayed on two sides of the bundle and spread evenly on the 

bundle by hand. Then, each bundle was soaked for 5 minutes in the heat protectant 

before the excess was removed by blotting with a paper towel. In addition, to assess 

the effect of heat protectant without heat treatment, a sample was prepared by apply-

ing the heat protectant following the same protocol but soaking it in the protectant 

overnight. All bundles were thoroughly washed by manually applying shampoo and 

rubbed by hand to cleanse the remaining silicone coating that could affect the results 

of fatigue strength. 

The same protocol was followed for preparing single strands of hair samples for 

the experiments on straightening efficacy and curl loss. Asian hair was treated with 

a non-silicone containing heat protectant whereas African hair was treated with a 

silicone-containing heat protectant. 
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It was assumed that the ingredients of the protectant (except the wet components 

which rapidly evaporate upon heat application) remain intact on the surface of hair 

even after multiple heat cycles. The remaining mode by which removal of heat pro-

tectant can occur is chaffing on the flat iron surfaces. While this is highly unlikely to 

happen due to the low friction between the surfaces of hair and flat iron plates, even 

in the case of removal, only a fraction of protectant in direct contact with the flat iron 

will be removed. SEM/EDX analysis successfully verified the presence of protectant 

after 40 cycles of flat ironing. 

4.2.2 Procedures 

Table 4.1 lists the flat ironing conditions used for Asian hair. The experiments on 

the Asian hair had an emphasis on investigating the impact of a temperature setting 

when the combinations of gliding speed and number of passes all yield the consistent 

dwelling time. The dwelling time is defined as the total amount of time a flat iron is in 

direct contact with hair. Despite the consistent dwelling time, each combination will 

produce varying amounts of exposure time because of the difference in heat transfer 

behavior dependent on the two parameters. The design of experiments compares 

the effect of a temperature setting and exposure time to determine which is more 

significant. 

Table 4.1. Flat ironing conditions for Asian hair. 

Temperature (◦C) 115 164 210 

Gliding Speed (cm/s) x Number of Passes 1 x 1 3 x 3 5 x 5 

Presence of Heat Protectant Y N 

Table 4.2 shows the flat ironing conditions used for African hair. The experiment 

now decouples the specific combination of gliding speed and number of passes to test 
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all possible permutations. The design of experiments concentrates on the effect of 

interaction between the two parameters. 

Table 4.2. Flat ironing conditions for African hair. 

Temperature (C) 115 210 

Gliding Speed (cm/s) 1 5 

Number of Passes 1 5 

Presence of Heat Protectant Y N 

Asian hair went through 40 cycles of each flat ironing condition to damage hair 

enough to distinguish the difference between the conditions whereas African hair went 

through only 20 cycles to compensate for its inherently low fatigue strength [65]. All 

the samples were allowed 1 minute to cool down to an ambient temperature between 

cycles. This timing minimizes the difference in the potential recovery of mechanical 

strength through remoisturization reported previously even though a significant im-

provement required one day [7]. Fifty strands were preferentially selected from the 

middle section of swatches for the fatigue test by a Diastron (Dia-Stron CYC 801, 

Dia-Stron, UK) fatigue tester. These strands are more likely to have been in direct 

contact with a flat iron plate, and this selection minimizes the variation in test results. 

The experiments for straightening efficacy and curl loss were performed on 25 sin-

gle strands of African hair under the conditions listed in Table 4.2. When mounting 

each hair strand, the tension in it was carefully controlled using a load cell installed 

with the sample mount. The tension was maintained near zero to avoid the contribu-

tion to hair straightening. This set of experiments did not require multiple cycles of 

heating because there is no need to incur exaggerate degrees of damage for distinc-

tion between the results. Each strand went through a single cycle of heating, and the 

results must not be confused as those of 40 cycles. 
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4.3 Results and Discussion 

Table 4.3 lists the results of the fatigue test and statistical analysis on Asian hair. 

The two conditions that only differ in the presence of a heat protectant were paired 

together to assess the effect of the protectant. The parameters are assigned with 

variables as follows: a temperature setting (T), gliding speed (V), number of passes 

(N), and the presence of a heat protectant (H). Some observations were omitted due 

to premature failure during the test. For the fatigue strength of hair, the log of the 

number of cycles to failure was reported. This was necessary to transform the data in 

a form that yields a Gaussian distribution to fulfill the basic assumptions of ANOVA. 

Then, p-values of the two-sample t-test between two conditions in each pair follow. 

A value of α = 0.05 was consistently used as a cut-off for statistical significance; 

however, if the p-value is sufficiently small and close to 0.05, it was also considered 

statistically significant. The t-test evaluates if the presence of a heat protectant will 

yield a statistically significant difference to the metric in interest. The final columns 

show the results of the Tukey test. The Tukey test identifies statistically significant 

conditions among the others and group them together according to the given criteria 

of statistical significance. The conditions that belong to the same group, indicated 

by the same colored blocks, are statistically equivalent. 

The results of the two-sample t-test indicate that the presence of a non-silicone 

containing heat protectant renders a statistically significant difference only if all the 

flat ironing parameters are at the highest values (Pair 9). Otherwise, the presence 

of a heat protectant has no effect on the fatigue strength of hair. The Tukey test 

indicates that the amounts of reduction in the fatigue strength inflicted by conditions 

at a high temperature setting of 210 ◦C stand out from the others (Pairs 7, 8, and 9), 

and even more so by the conditions at a low gliding speed of 1 cm/s (Pair 7). 

Table 4.4 shows the results of the fatigue test on African hair. The data are 

displayed in the same manner as the Asian hair. There are overall less number 

of observations for each condition because there were more incidents of premature 
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Table 4.3. Results of two-sample t-test and Tukey test on the fatigue 
strength of Asian hair to assess the effect of a non-silicone containing 
heat protectant. 

Pair Condition T (C) V (cm/s) x N H # of Fibers 
log(# of Cycles to Failure) 

Two Sample t-test 
Tukey Test (α = 0.05) 

Mean STD A B C D E F G 

1 
A1 115 1x40 N 48 3.5 0.54 

0.45 
A10 115 1x40 Y 50 3.59 0.56 

2 
A2 115 3x120 N 46 3.51 0.53 

0.8 
A11 115 3x120 Y 49 3.48 0.43 

3 
A3 115 5x200 N 40 3.52 0.53 

0.57 
A12 115 5x200 Y 45 3.59 0.62 

4 
A4 164 1x40 N 47 3.32 0.5 

0.44 
A13 164 1x40 Y 49 3.21 0.85 

5 
A5 164 3x120 N 48 3.27 0.75 

0.17 
A14 164 3x120 Y 43 3.05 0.74 

6 
A6 164 5x200 N 48 3.5 0.59 

0.45 
A15 164 5x200 Y 49 3.58 0.45 

7 
A7 210 1x40 N 44 1.63 0.48 

0.92 
A16 210 1x40 Y 50 1.61 0.64 

8 
A8 210 3x120 N 48 2.24 0.64 

0.34 
A17 210 3x120 Y 48 2.11 0.61 

9 
A9 210 5x200 N 49 2.14 0.56 

<0.0001 
A18 210 5x200 Y 49 2.62 0.61 

10 
Control 0 0x0 N 50 3.79 0.61 

0.12 
Protect 0 0x0 Y 48 3.6 0.62 

failure. There are also many outliers (38 observations) that seem to be additional 

premature failure that was not filtered out during the initial censorship. They were 

removed before the analysis as they seriously affected both the Gaussian distribution 

and the results of the analysis. However, the preserved number of observations is still 

abundant, and sound statistical analysis is viable. 

The two-sample t-test indicates that the presence of a heat protectant significantly 

affects the fatigue strength of hair if the number of passes is 5 (Pairs 4, 6, and 8). 

The p-value of Pair 2 is larger than 0.05 but still quite close to it. Therefore, higher 

number of passes seems to be a premise for the heat protectant to have any protective 

effect on the fatigue strength of hair. Even though the exposure time, which is highly 

correlated with reduction in the fatigue strength (cite predictive modeling paper) 
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Table 4.4. Results of two-sample t-test and Tukey test on the fatigue 
strength of African hair to assess the effect of a silicone containing 
heat protectant. 

Pair Condition T (C) V (cm/s) N H # of Fibers 
log(SE+1) 

Two Sample t-test 
Tukey Test (α = 0.05) 

Mean STD A B C D 

1 
AA1 115 1 1 N 39 3.6 0.61 

0.32 
AA9 115 1 1 Y 44 3.47 0.54 

2 
AA2 115 1 5 N 47 3.35 0.75 

0.09 
AA10 115 1 5 Y 43 3.58 0.53 

3 
AA3 115 5 1 N 45 3.49 0.6 

0.95 
AA11 115 5 1 Y 45 3.5 0.41 

4 
AA4 115 5 5 N 48 3.35 0.44 

0.03 
AA12 115 5 5 Y 46 3.6 0.65 

5 
AA5 210 1 1 N 46 2.8 0.57 

0.32 
AA13 210 1 1 Y 42 2.92 0.46 

6 
AA6 210 1 5 N 44 1.68 0.26 

0.001 
AA14 210 1 5 Y 44 1.91 0.36 

7 
AA7 210 5 1 N 44 3.4 0.59 

0.56 
AA15 210 5 1 Y 41 3.49 0.68 

8 
AA8 210 5 5 N 41 3.05 0.68 

0.004 
AA16 210 5 5 Y 42 3.43 0.44 

9 
Protect 0 0 0 Y 45 3.39 0.61 

0.13 
Control 0 0 0 N 47 3.65 0.67 

According to the Tukey test, the conditions at a high temperature setting (210 ◦C) 

and a low gliding speed (1 cm/s) are prominently different from the others (Pairs 5 

and 6). Between the two, the higher number of passes reduces the fatigue strength to a 

larger degree (Pair 6). The results of the Tukey test also indicate that considering the 

contributions of all the factors to the reduction of the fatigue strength, the presence 

of heat protectant will lose its significance in preservation of fatigue strength. 

Another interesting discovery is the effect of heat protectant on the fatigue strength 

of hair when no flat ironing has occurred. Tables 3 and 4 present unexpectedly low 

p-values of 0.12 and 0.13 for the fatigue strength of Asian and African hair respec-

tively. In both cases, remarkable reduction in the fatigue strength has occurred with 
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the presence of heat protectant. This could well be caused by a happenstance and 

more data are necessary to confirm the phenomenon. 

Based on the results of two-sample t-test, the presence of silicone in the formula-

tion may potentially distinguish the effect between the two types of heat protectant 

because the non-silicone protectant had significant effect at 210 ◦C and 5 cm/s alone 

while the silicone protectant had significant effect across all temperatures and glid-

ing speeds as long as the number of passes is high. Nevertheless, it is yet unclear if 

the reduction in fatigue strength occurred because of the silicone or because of the 

interaction between other ingredients in the protectant and the type of hair. Either 

testing the non-silicone protectant on African hair or the silicone protectant on Asian 

hair should follow to further validate the effect of silicone on the reduction of fatigue 

strength. 

Lastly, even though the Tukey test on all the conditions renders statistically in-

significant effect of the heat protectant except the special case of Pair 9 in Asian hair, 

the paired t-test indicates differences for conditions with a multiple number of passes. 

Thus, it is hasty to come to any conclusions about the heat protectant’s benefits 

unless its impact on the other two metrics, straightening efficacy and permanent curl 

loss, is evaluated. The next three tables and their results will provide insights into 

this holistic approach. 

Table 4.5 presents the results of statistical analysis on the straightening efficacy of 

African hair. The two-sample t-test indicates that the presence of a heat protectant 

significantly affects the straightening efficacy if flat ironing occurs 5 times at 210 ◦C 

and 1 cm/s (Pair 6). The p-value of Pair 5 is only 0.02 larger than 0.05 and can still be 

regarded quite significant. It is important to note that the direction of improvement 

is opposite in the two pairs. Lower log(SE+1) means better straightening efficacy. 

Thus, when flat ironed once, the heat protectant impedes straightening efficacy (Pair 

5) whereas when flat ironed five times, the heat protectant improved straightening 

efficacy (Pair 6). The Tukey test shows that when all the conditions are evaluated 

simultaneously the presence of heat protectant loses it significance. However, while a 
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temperature setting dominantly divides the straightening efficacy, the straightening 

efficacy of AA10 clearly stands out and AA2 and AA12 to a little lesser degree from 

the other conditions at the same temperature. 

Table 4.5. Results of two-sample t-test and Tukey test on the straight-
ening efficacy of flat ironing African hair to assess the effect of a sili-
cone containing heat protectant. 

Pair Condition T (C) V (cm/s) N H # of Fibers 
log(SE+1) 

Two Sample t-test 
Tukey Test (α = 0.05) 

Mean STD A B C D E F 

1 
AA1 115 1 1 N 25 -1 0.46 

0.8 
AA9 115 1 1 Y 25 -1.04 0.59 

2 
AA2 115 1 5 N 24 -1.19 0.47 

0.4 
AA10 115 1 5 Y 25 -1.31 0.48 

3 
AA3 115 5 1 N 25 -0.87 0.68 

0.42 
AA11 115 5 1 Y 25 -0.99 0.32 

4 
AA4 115 5 5 N 25 -0.98 0.5 

0.25 
AA12 115 5 5 Y 25 -1.12 0.33 

5 
AA5 210 1 1 N 25 -1.66 0.42 

0.07 
AA13 210 1 1 Y 25 -1.46 0.33 

6 
AA6 210 1 5 N 25 -1.53 0.42 

0.0377 
AA14 210 1 5 Y 25 -1.78 0.41 

7 
AA7 210 5 1 N 25 -1.48 0.46 

0.82 
AA15 210 5 1 Y 25 -1.45 0.33 

8 
AA8 210 5 5 N 25 -1.64 0.36 

0.4145 
AA16 210 5 5 Y 25 -1.73 0.37 

Looking at the raw data, there is clear improvement in straightening efficacy, 

indeed to a larger degree, with the presence of heat protectant even when flat ironing 

occurs at 115 ◦C (look at Pairs 2, 3, and 4). However, the statistical significance of 

such improvement is negated by high variability in the straightening results with the 

absence of heat protectant. This could be due to the varying sensitivity to heat insult 

that strands from different individuals manifest. Therefore, once controlled for the 

same subject hair sample, the improvement in straightening efficacy with the heat 

protectant at a low temperature may indeed be statistically significant. 
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The results are consistent in the test of the long-term straightening efficacy tab-

ulated in Table 4.6 below. Again, the significance of the heat protectant is present 

only when the temperature setting is 210 ◦C and the gliding speed is 1 cm/s (Pairs 

5 and 6); the direction of improvement is opposite, impeded when flat ironed once 

(Pair 5) and improve when flat ironed five times (Pair 6) with the presence of the 

heat protectant. Also noteworthy is the fewer number of groups and more distinct 

differentiation between the conditions at two temperature levels by the Tukey test. It 

is an indication of enhanced uniformity in the straightening effect across conditions 

after equilibration under constant humidity. AA10 consistently stands out from the 

other conditions at 115 ◦C. However, the other two conditions that also stood out to a 

lesser degree became insignificant. Instead AA1 became another significant condition 

in the long-term straightening efficacy. 

Table 4.6. Results of two-sample t-test and Tukey test on the long-
term straightening efficacy of flat ironing African hair to assess the 
effect of a silicone containing heat protectant. 

Pair Condition T (C) V (cm/s) N H # of Fibers 
log(LTSE+1) 

Two Sample t-test 
Tukey Test (α = 0.05) 

Mean STD A B C 

1 
AA1 115 1 1 N 15 -0.71 0.41 

0.75 
AA9 115 1 1 Y 25 -0.65 0.62 

2 
AA2 115 1 5 N 24 -0.65 0.46 

0.49 
AA10 115 1 5 Y 24 -0.74 0.45 

3 
AA3 115 5 1 N 25 -0.49 0.51 

0.3 
AA11 115 5 1 Y 25 -0.63 0.39 

4 
AA4 115 5 5 N 16 -0.41 0.41 

0.24 
AA12 115 5 5 Y 25 -0.57 0.4 

5 
AA5 210 1 1 N 20 -1.43 0.45 

0.06 
AA13 210 1 1 Y 20 -1.19 0.34 

6 
AA6 210 1 5 N 25 -1.16 0.48 

0.0023 
AA14 210 1 5 Y 25 -1.56 0.4 

7 
AA7 210 5 1 N 25 -1.17 0.55 

0.97 
AA15 210 5 1 Y 25 -1.18 0.44 

8 
AA8 210 5 5 N 20 -1.4 0.38 

0.8445 
AA16 210 5 5 Y 25 -1.37 0.53 
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Lastly, Table 4.7 lists the results of statistical analysis on the permanent curl loss 

of African hair after flat ironing. The two-sample t-test indicates that the presence 

of heat protectant causes a significant difference in permanent curl loss when flat 

ironing occurs once at 210 ◦C (Pairs 5 and 7). Once again, the opposite direction 

of influence is observed between the two pairs. The heat protectant preserves curls 

better if flat ironed at 1 cm/s (Pair 5) but promotes curl loss if flat ironed at 5 cm/s 

(Pair 7). The Tukey test indicates the grouping is predominantly influenced by a 

temperature setting. Yet, several conditions stand out. AA11 is relatively inferior in 

curl preservation compared with other conditions at 115 ◦C. On the other hand, AA7 

and AA13 are relatively superior in curl preservation compared with other conditions 

at 210 ◦C. 

Table 4.7. Results of two-sample t-test and Tukey test on the perma-
nent curl loss of African hair due to flat ironing to assess the effect of 
a silicone containing heat protectant. 

Pair Condition T (C) V (cm/s) N H # of Fibers 
log(PCLCD+1) 

Two Sample t-test 
Tukey Test (α = 0.05) 

F G A B C D E F G 

1 
AA1 115 1 1 N 22 -0.04 0.28 

0.64 
AA9 115 1 1 Y 25 0 0.29 

2 
AA2 115 1 5 N 24 -0.06 0.23 

0.27 
AA10 115 1 5 Y 25 0.01 0.23 

3 
AA3 115 5 1 N 25 -0.01 0.21 

0.21 
AA11 115 5 1 Y 25 0.07 0.23 

4 
AA4 115 5 5 N 25 -0.07 0.26 

0.29 
AA12 115 5 5 Y 25 -0.01 0.15 

5 
AA5 210 1 1 N 25 0.4 0.29 

0.02 
AA13 210 1 1 Y 25 0.19 0.33 

6 
AA6 210 1 5 N 23 0.32 0.23 

0.8207 
AA14 210 1 5 Y 25 0.34 0.43 

7 
AA7 210 5 1 N 25 0.14 0.24 

0.08 
AA15 210 5 1 Y 25 0.26 0.24 

8 
AA8 210 5 5 N 25 0.24 0.28 

0.954 
AA16 210 5 5 Y 25 0.24 0.23 

Now that we have finished discussing the results of statistical analysis on all met-

rics of flat ironing results, the trade-offs between them can be more closely investigated 
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to potentially identify optimal conditions for different hair care goals. To do so, the 

effect of every condition on the three metrics were carefully compared. In general, 

hair strength is quite well preserved as long as flat ironing does not occur at 210 ◦C 

at 1 cm/s. The trade-off between straightening efficacy and permanent curl loss is 

conspicuous. Any conditions at 210 ◦C will have excellent straightening efficacy but 

induce large permanent curl loss whereas any conditions at 115 ◦C will be less effective 

at straightening hair but best at preventing hair from permanent curl loss. It turns 

out that the straightening efficacy and permanent curl loss are the two most difficult 

flat ironing effects to reconcile. Introduction of a heat protectant further complicates 

the situation. While the presence of heat protectant seems to consistently improve 

the protection of hair strength if multiple strokes of flat ironing occurs, it can have in-

consistent effects on straightening efficacy and permanent curl loss. Amid the various 

conditions, a number of them stand out. Several conditions at 115 ◦C result in mod-

erate straightening efficacy and excellent preservation of both hair strength and the 

fatigue strength. These conditions include AA1, AA2, AA9, and AA10 among which 

AA10 yields the best overall results with the highest fatigue strength and immediate 

and long-term straightening efficacy with a slightly less curl preservation. It yields a 

significantly better fatigue strength compared with its pair AA2 which has no heat 

protectant coating. The next condition of interest is AA7; it yields good straightening 

efficacy and moderate curl preservation with good preservation of fatigue strength. 

Compared with its pair AA15 which has protectant coating, it yields significantly 

better curl preservation with no difference in the fatigue strength. Another condition 

that stands out is AA16. It yields excellent straightening efficacy, good preservation 

of the fatigue strength, and moderate preservation of natural curls. Compared with 

its pair AA8 which has no protectant coating, it yields significantly better fatigue 

strength according to the t-test. If the straightening efficacy is the absolute goal, one 

can flat iron under condition AA 14 at the great expense of hair strength and natural 

curls. Its pair AA6 which has no protectant coating yields significantly lower fatigue 

strength and straightening efficacy according to the t-test. Based on these findings, 
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we can construct a diagram that reflects the trade-offs between the three metrics. 

The diagram can be further associated with corresponding hair care goals and act as 

a guideline for the judicious use of flat irons among the users as shown in Figure 4.1. 

Figure 4.1. Visual representation of tradeoffs between flat ironing 
effects for different hair styling goals: (a) flat iron at 115 ◦C at 1 cm/s 
for moderate straightening and excellent preservation of both hair 
strength and natural curls; apply a heat protectant and flat iron 5 
times for the best result in straightening; (b) flat iron once at 210 ◦C at 
5 cm/s without the heat protectant for good preservation of the fatigue 
strength and moderate curl preservation and straightening efficacy; 
(c) flat iron 5 times at 210 ◦C at 5 cm/s with the heat protectant for 
slight curl preservation and for both great straightening efficacy and 
preservation of strength; and (d) flat iron 5 times at 210 ◦C at 1 cm/s 
for the best straightening results at the expense of both hair strength 
and natural curls. 

There are caveats to consider when utilizing the guidelines and interpreting the 

presented data. First, the results of the fatigue strength are based on 20 cycles of flat 

ironing while those of the straightening efficacy and permanent curl loss are based 

on only one cycle. Therefore, the results of the straightening efficacy and permanent 

curl loss may greatly differ from what is presented above. They are expected to be 

larger in magnitude, and more significant statistical differences may appear between 
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the conditions. Secondly, the effect of the heat protectant assessed in this work is in 

fact a combined contribution of multiple ingredients that participate simultaneously 

during the flat ironing process. The study was initially set out with the assumption 

that the presence of silicone in the formulation would make a difference in how hair 

responds to heat application, but this may not be the case. For example, PVP and 

hydrolyzed protein in the formulation of the heat protectant used were reported to 

have protective effect against heat [4]. 
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Part 2: Thermal Characterization of Hair and Heat Transfer 

Modeling of Flat Ironing 

The high correlation between the exposure time and the reduction in fatigue strength 

of hair makes the investigation into a technique which can predict the exposure time 

under flat ironing conditions with high accuracy attractive. In light of this, I pro-

pose to construct a heat transfer model between a flat iron and hair to simulate the 

exposure time. In the first half of Part 2, a discussion on a thermal characterizaion 

technique is covered to input accurate parameters into the model to be developed. 

Then, in the second half, a discussion on the modeling technique as well as its exper-

imental validation will follow. 

5. THERMAL CHARACTERIZATION OF HAIR 

In this chapter, I will introduce Angstrom’s method as a means to measure thermal 

diffusivity of different types of hair to precede a subsequent heat transfer modeling 

between hair and a flat iron. Theoretical and technical backgrounds of the Angstrom’s 

method will be introduced. Then, detailed descriptions of experimental equipment, 

procedures, and results will follow. 

5.1 Relevant Literature on Thermal Properties of Hair 

Studies on thermal properties of hair from a traditional heat transfer perspective 

are almost non-existent except a few. Pires-Oliveira et al. [94] measured the specific 

heat capacity of virgin and bleached hair fibers . Liu et al. [95] measured the specific 

heat of an Asian hair fiber. However, each of them only reported a single data point. 
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Hou et al. [96] measured thermal diffusivity of human hair by using a technique 

based on optical heating and electrical thermal sensing (OHETS). The reported val-

ues for two samples from a 25-year old male graduate student were 1.94 mm2/s and 

4.13 mm2/s. 3 years later, Mendioroz et al. [97] developed a measurement technique 

based on lock-in thermography with laser heating and infrared sensing, finding a dif-

fusivity of 0.14 mm2s−1 . In the following year, Salazar et al. [98] reported a similar re-

sult. Most recently, Liu et al. [95] measured the thermal diffusivity to be 0.142 mm2/s. 

In summary, the order of magnitude of the thermal diffusivity of human hair is same 

order or 0.1 mm2/s, which is the magnitude as a vast majority of polymers. 

5.2 Angstrom’s Method 

To measure thermal diffusivity of hair, we modify a transient method known 

as Angstrom’s method, which was first introduced by a Swedish physicist Anders 

Jonas Angstrom in 1863 [99], using high resolution thermal imaging to measure the 

temperature response to a periodic heat source. 

The thermal diffusivity (α) is a parameter which captures the effect of three 

material properties: thermal conductivity (k), specific heat capacity (cp), and density 

(ρ) (Equation (5.1)). In short, the thermal diffusivity indicates how well heat spreads 

through material. 

k 
α = (5.1) 

cpρ 

In this method, one end of a sample is periodically heated by a heat source (see 

Figure 5.1). As the heat propagates from one end to the other, the amplitude of 

the temperature oscillations diminishes and the phase delay increases. These two 

parameters are combined to calculate thermal diffusivity as shown in Equation (5.2). 

πf(x2 − x1)
2 

α = (5.2)
A(x1)(φ(x2) − φ(x1))lnA(x2) 
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Figure 5.1. Illustration of the basic principle of the Angstroms 
method. Periodic heating (sinusoidal in the example) is applied to 
one end of the sample indicated by a block dot. The heat propa-
gates through the red and greed dots, diminishing in its amplitude 
and lagging in its phase as shown in the graph to the right. These 
differences are empirically captured to calculate thermal diffusivity of 
the material in test. 

A MATLAB program was written to process the acquired data to calculate the 

generate plots as shown in Figure 5.2 where the slope is related to the thermal diffusiv-

ity of the material. More detailed descriptions of the theory and technical procedures 

will be covered in the sections to follow. 

Angstrom’s method is a theoretically robust method widely applied to a variety 

of materials of various shapes [99–111]. Measurement of highly conductive materials 

such as copper bar, brass, and quartz repeatedly demonstrated reasonable accuracy 

[99, 100, 104, 105, 110, 111]. On the other hand, measurement of poorly conducting 

materials such as a silica rod, polyethylene sheets, and various dental filling materials 

have also been successfully measured [100,101,106]. In particular, past measurements 

of thermal diffusivity of polymers by Angstrom’s method are in good agreement with 

those measured by a laser flash method and hot wire method [107]. 
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Figure 5.2. A plot generated with a MATLAB program, whose slope 
represents an inverse of thermal diffusivity of the material. 

Angstrom’s method was chosen for the following reasons. First, the analysis is 

simplified by assuming 1D heat transfer. Since the diameter of hair fibers to be mea-

sured is in the range of tens of microns, a simple 1D assumption is plausible. Second, 

the method is robust in measuring thermal diffusivity. The linear heat loss term, 

which lumps both convection and radiation effects, becomes irrelevant in calculating 

thermal diffusivity. 

A brief overview on the theoretical foundation of Angstrom’s method follows in 

the next section to deepen the understanding of the method. 



87 

5.2.1 Theory behind the Angstrom’s Method 

The following derivation follows that of previous papers [104, 105, 110]. Heat 

transfer in the system can be modified as 1D conduction with a linear heat loss term: 

∂2T 1 ∂T PR − − (T − T0) = 0. (5.3)
∂x2 α ∂t kA 

where T is the temperature [K], x is the location along the length of the hair fiber 

[m], α is the thermal diffusivity [m2/s], t is the time [s], P is the perimeter of the 

fiber [m], R is the heat loss coefficient that combines conduction, convection, and 

(linearized) radiation losses through a surrounding medium, k is the thermal conduc-

tivity [W/(mK)], A is the cross-sectional area of the fiber [m2], and T0 is the ambient 

temperature. We can define T − T0 as τ . 

Since a periodic heat wave will be applied to the sample at a fixed frequency 

f(= 
2 
ω
π ) [Hz], the solution can be expressed as 

∞X 
τ(x, t) = Cn(x)e inωt (5.4) 

n=1 

where Cn(x) is an expression for the initial temperature profile along the fiber, and 

einωt describes the development of the temperature profile over time. 

Substituting the Equation (5.4) into Equation (5.3) results in the following differ-

ential equation: 

X � 
∂2Cn 

∂x2 

P R − Cn 
kA 

� 
inω inωt − Cn ) e 
α 

= 0, (5.5) 

which leads to the following second-order differential equation 

∂2Cn P R inω − Cn( + ) = 0. (5.6)
∂x2 kA α 

The solution of this equation is: 

√ 
− λnxCn(x) = C0n , (5.7) 
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where 

R + inω 
λn = . (5.8)

α 

The square root of λn is complex because λn is a complex number: 

p
λn = an + ibn. (5.9) 

√ 
Therefore, by equating λn (Equation (5.8)) on one side and square of λn (Equa-

tion (5.9)) on the other, the following equations emerge: 

an 
2 − bn 

2 = 
R 

(5.10)
α 

and 

ω 
2anbn = . (5.11)

α 

Now, the heat loss term R is not present in Equation (5.11), and thus thermal 

diffusivity α can be calculated by empirically measuring an and bn. Determination of 

an and bn requires comparing the amplitude and phase difference of temperature at a 

minimum of two points. Since experimentally, I apply a square heat wave to a heating 

wire which in turn applies a heat wave to the hair fiber, a Fourier transform is used 

to decompose the measured temperature wave in each harmonic for the analysis. 

Thus, the following equations contains subscript n to describe the amplitude and 

phase change observed at different harmonics. Then, the equation of the temperature 

response is 

∞X 
i(nωt−bnx)τ(x, t) = Ane , (5.12) 

n=1 

where An = C0ne
−anx . By observing the amplitude and phase difference at point 1 

and 2, one can deduce the following relationships: 

An(x1) −an(x1−x2)= e (5.13)
An(x2) 



89 

and 

φn(x2) − φn(x1) = bn(x2 − x1), (5.14) 

which can be rearranged, respectively, as follows: 

ln(An(x1) )
An(x2) an = (5.15) 

x2 − x1 

and 

φn(x2) − φn(x1)
bn = . (5.16) 

x2 − x1 

Finally, substituting Equations (5.15) and (5.16) into Equation (5.11) and rear-

ranging give the following expression for thermal diffusivity α: 

nω(x2 − x1)
2 

α = . (5.17) 
2(φn(x2) − φn(x1))ln

An(x1) 
An(x2) 

By re-arranging the equations derived above, one can derive the following equation 

that enables determination of thermal diffusivity: 

1 An(x1) 1 
ln (φn(x2) − φn(x1)) = (x2 − x1)

2 . (5.18)
πf An(x2) α 

Experimentally, the amplitude and phase data is extracted from the thermal imag-

ing data and plotted in the form shown in Figure 5.2, where the diffusivity is computed 

from the slope (slope = 
α 
1 ). 

5.2.2 Technical Considerations of the Angstrom’s Method 

Despite its theoretical robustness against heat loss through to convection and ra-

diation, measurement of a thin wire was found to be largely influenced in a fluid 

environment [102]. Measurement of carbon fibers [103], thin polymer films [109] and 

thin copper and graphite sheets [110] was performed in a vacuum to enhance the 

accuracy except the case of carbon nanotube buckypapers [108]. According to other 
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literature that used the “slope method” which is essentially based on the principle of 

Angstrom’s method, placing samples in a vacuum chamber largely improved the ac-

curacy of measurement [112]. Furthermore, the existing papers on thermal diffusivity 

of human hair used a vacuum chamber with the aforementioned slope method [97,98]. 

Another study on thermal diffusivity of human hair also utilized a vacuum chamber 

even though it did not use neither the Angstrom’s method nor the slope method [95]. 

Such practices raise questions about theoretical robustness against empirical results. 

In fact, Angstrom’s method is known to account for forced convection and radiation 

but not natural convection and conduction through fluids [102]. 

In any measurement of thermal properties of materials, precluding any unneces-

sary modes of heat transfer is desirable as it minimizes uncertainty in the measure-

ment. Thus, all the measurements were performed in a vacuum environment. In fact, 

as will be briefly introduced in the chapter, measurement in the air turned out to 

largely deviate from the vacuum results. 

Consideration of diffusion length and ensuing selection of the appropriate fre-

quency and amperage of supplied current deserve a separate and careful examination. 

It is important because of the theory assumes the sample to be semi-infinitely long to 

simplify the solution. If the frequency is too low or the amplitude is too high, the heat 

has insufficient time to dissipate to the enviroment and reaches the boundary, leading 

to violation of the assumptions. The participation of the boundary conditions lead to 

inaccurate meausrements as was well demonstrated in the past [100]. Because of this, 

the length of the sample has to be carefully selected so that the boundary conditions 

of the sample do not affect the heat transfer. If the length of the sample is limited 

by the configuration of the experimental setup, the frequency and magnitude of the 

supplied heating need fine tuning to avoid the interference of the boundaries. In the 

given context, it directly translates to careful selection of frequency and amperage of 

a periodic current supplied through the heating wire. The diffusion length is a good 

estimate to determine the appropriate frequency and power level of periodic heating. 
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The condition for diffusion length to acheive accruate measurement can be expressed 

as below [110]. 

r 
α 

Lsample � = Lth (5.19)
2ω 

Avoiding the violation of 1D assumption is another issue that deserves careful 

consideration. This has an especially important implication for the experimental 

setup introduced in this study. As it will be shown later, the periodic heating is 

applied to a sample by using a resistance heating wire. Both the sample and the 

heating wire have a cylindrical shape, and the sample is installed perpendicularly on 

top of the heating wire while maintaining the direct contact with it. Thus, the heat 

transfer that occurs from the heating wire to the sample is 3 dimensional instead 

being 1 dimensional. However, since the thickness of the sample is very small that 

it is safe to assume the heat transfer along the length of the sample past a certain 

point away from the contacting point is 1 dimensional. This point is also analytically 

confirmed using a COMSOL simulation of the Angstrom’s method. The simulation 

indicated that the heat transfer along the sample becomes one dimensional within a 

few hundreds nanometers. This is much smaller than both the length of the sample 

and the area of view observable by the IR camera used to measure the change in 

temperature. Also, the amplitude of the temperature in the region near the heating 

wire exhibits a characteristic peak that rapidly decays. Thus, it is relatively easy to 

suitable region to select when the calculation of thermal diffusivity is performed using 

the MATLAB code. This point will be reiterated when the discussion on detailed 

post-processing appears later in the chapter. 

In this work, the Angstrom’s method with an infrared (IR) camera as a sensor is 

introduced as a new measurement technique to measure thermal diffusivity of films 

and wires with the thickness of a few hundred microns. The proposed method im-

proves the traditional Angstrom’s measurement in three aspects. First, the traditional 

Angstrom’s method recorded magnitude and phase change of temperature at two lo-

cations [99,102–105,107,109,110]. This greatly reduces the sight of the phenomenon 
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with limited information of temperature change at two locations. There is no way 

to detect any anomalies in heat transfer caused by boundary conditions or possible 

variation in thermal diffusivity along the length of the sample. Use of an IR camera 

can overcome such limitations by capturing continuous temperature profiles within 

its area of view. Secondly, the use of an IR camera allows non-contact measurement 

of temperature. It is required because the microscale samples are sensitive to the heat 

loss through attached sensors such as thermocouples. It also obviates the need for 

considering the appropriate spacing between sensors [100]. Lastly, a previous study 

that utilized IR sensors were limited in reaching a high-level vacuum because of the 

internal placement of the sensors [110]. However, our method overcomes this limita-

tion by using the external sensor that observes samples through an IR-transparent 

calcium fluoride (CaF2) window and enables measurement at a higher-vacuum level 

which further minimizes heat loss through convection and increases the measurement 

accuracy. 

5.3 Measurement 

In this section, experimental equipment, treatment of samples, and experimental 

procedures are discussed. 

5.3.1 Equipment 

The experimental equipment consists of the InfraScope, an IR microscope (MWIR-

1024, Quantum Focus Instruments Corporation), a vacuum pump (Turbo-V 81-AG, 

Varian), a modified sample stage (TS1500, Linkam), a function generator (33120A, 

Hewlett Packard), and a power supply (KE2420, Keithley). 

The InfraScope measures the change in temperature and records thermal videos. 

It is an infrared imaging device that offers image resolution of 0.5859 µm/pixel, 

2.9297 µm/pixel and 11.7188 µm/pixel depending on the lens configuration (1X, 4X, 

and 20X magnifications) and 0.1 K temperature resolution (Figure 5.3). The area of 



93 

view is 144 mm2 , 9 mm2 and 0.36 mm2 for 1X, 4X, and 20X magnifications, respec-

tively. For the entire measurements in this work, 4X magnification was used. 

Figure 5.3. The InfraScope is an infrared imaging device that offers 
image resolution ranging from 0.5859 µm/pixel to 11.7188 µm/pixel 
depending on the lens configuration and 0.1 K temperature resolution. 

To conduct the measurement in a vacuum, the TS1500 thermal stage from Linkam 

was modified to fit a custom-made sample mount. The sample mount is composed of a 

heating wire, clamps to hold it, and a scaffold to fit it on the existing heating element 

in the TS1500 (Figure 5.4). As shown in Figure 5.4 (a), a sample is gently pulled 

taut and placed perpendicularly on top of the heating wire to let heat propagate in 

both ways from the contact point. The scaffold was 3D printed with the MakerBot’s 

Replicator 2X, using acrylonitrile butadiene styrene (ABS) as a material. The top 

of the scaffold was oriented downwards and printed without a raft to allow printing 

of a clean and flat surface. The clamps for holding the heating wire were salvaged 
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from terminal blocks for electrical connection. The sample mount is placed on the 

esxisting heating element inside the TS1500 stage. 

Figure 5.4. (a) A 3D printed sample mount on top of which hair is 
placed is installed inside a TS1500 vacuum statge. (b) The window 
is made of calcium fluoride to allow radiation within the necessary 
wavelengths for the InfraScope to register. 

Before taking the measurement, a lid with a small window is placed as shown 

in Figure 5.4 (b) to seal the environment for vacuum pumping. A calcium fluoride 

window was used to allow mid-wavelength infrared, which InfraScope utilizes for 

measurement, to transmit. 

Figure 5.5 (a) shows the schematic of the experimental setup. The chromium 

resistance heating wire (Omega Engineering) on the sample mount (Figure 5.4) applies 

periodic heating to a sample. The wire is an alloy composed of 80 % nickel and 20 % 

chromium. Each end of it connects to the two poles inside which extend outside 

and connect to a power supply. Between one of the poles and the connection from 

the source meter is a relay (Tyco Electronics) which switches on and off following the 
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Figure 5.5. (a) The overall experimental setup for air measurement is 
shown with all equipment labeled. (b) Experimental setup for vacuum 
measurement. 

square wave signal from a function generator. The resultant periodic heating is not of 

a sinusoidal form by nature of this mechanism, and therefore, is decomposed through 

Fourier transform for selective analysis on the first harmonic. The vacuum pump 

(Figure 5.5 (b)) removed the air from the sample stage. The pump can easily achieve 

a vacuum level of 10−5 mbar and can go further down if sufficient time is allowed. 

Additionally, to investigate the effect of humidity on hair thermal diffusivity, a 

humidity chamber with a capacity to maintain a relative humidity level constant 

was built (Figure 5.6). The chamber consists of two floors. On the lower floor, 

salt solutions are placed; on the upper floor is a sample mount with hair sample 

(Figure 5.7). When placed in a sealed space, salt solutions have capacity to maintain 

a humidity level of the space at a certain level, depending on the type of the salt. 

To ensure that humidity maintenance is functional, a humidity sensor (OM-THA2, 

Omega Engineering) was installed. To validate the performance of the chamber, test 

with four salts was performed, and the results are shown in Table 5.1. Due to the 

leakage in the chamber, the achievable humidity level ranged from approximately 

31 %RH to 83 %RH. 65 %RH is typically considered ambient condition [3, 5, 6, 20] 
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and anywhere below 40 %RH is usually considered dry [6,20,113] and above 80 %RH 

humid. Thus, it is a reasonable range to simulate two extreme cases. With the help 

of this chamber, one can observe the impact of moisture content in a hair fiber on its 

measured thermal diffusivity. 

Figure 5.6. An image of the humidity chamber constructed to vary 
the humidity level that the hair is exposed to and observe its effect 
on thermal diffusivity measurement. 

5.3.2 Samples 

Samples include several polymer films and monofilaments with relatively well stud-

ied properties for validation of measurement accuracy. These include monofilaments of 

polyether ether ketone (PEEK) and polyvinylidene fluoride (PVDF), films of PEEK, 
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Figure 5.7. (a) The humidity chamber has two floors; on the lower 
floor is a container with a salt solution; at the bottom of the upper 
floor is a fan to help evaporate water from the salt solution and at the 
top is a sample mount. (b) Hair sample is mounted perpendicularly 
to the heating wire in direct contact beneath it on a sample mount. 

Table 5.1. Expected and actual humidity levels achieved by four salts 
in the humidity chamber. 

Salt Expected Humidity (%RH) [114] Actual Humidity (%RH) 

Lithium Bromide (LiBr) 6.61 ± 0.58 30∼32 

Potassium Acetate (KC2H3O2) 23.11 ± 0.25 40∼42 

Sodium Chloride (NaCl) 75.47 ± 0.14 70∼72 

Potassium Chloride (KCl) 85.11 ± 0.29 79∼83 

and a gum rubber sheet. After the validation process, three types of human hair 

(African, Asian, and Caucasian) were measured. All the hair samples were gently 

washed with tap water using a clarifying shampoo to remove remnant oil and dirt 

from the surfaces. 
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5.3.3 Experimental Procedures 

The experimental procedures will be elaborated in two parts to facilitate repro-

duction of the work in the future. The first part provides a detailed, step-by-step 

measurement procedure. The second part dedicates itself to detailed description of 

data analysis using the MATLAB program. 

Validation of Measurement Accuracy in a Vacuum: Validation of measure-

ment accuracy was performed using the polymer samples in a vacuum environment. 

To start the measurement, the InfraScope first has to be prepared. It requires liquid 

nitrogen to maintain the temperature of the camera at around 78 K. While waiting 

for the camera to reach the desired temperature, the sample stage is placed under 

the scope, connected to a vacuum pump, and the air is drawn out until the vacuum 

level reaches approximately 5 × 10−7 bar. Then, the focus of the sample is acquired 

by adjusting the height of the lens, and a reference image is acquired. The crucial 

component of infrared imaging is accurate measurement of emissivity. This is usually 

done by elevating the temperature of the whole sample with precisely controlled ther-

mal stage to eliminate the effects of irradiation from the surroundings reflected by 

the sample, which may disturb the measurement [115]. However, in this experimental 

setup the sample cannot be heated since the modified TS1500 replaces the thermal 

stage. There are two approaches to take care of this problem. One is to measure 

emissivity of the samples the accurately controlled thermal stage at an elevated tem-

perature before the measurement and apply constant emissivity to the whole observed 

image. The other is to take the emissivity map of the sample in the TS1500 sample 

stage at an ambient temperature. Both approaches have their share of uncertainty 

and were first tried before establishing the final experimental procedure. At the end, 

the second approach was utilized throughout the whole experiments. Its validity will 

be justified with both experimental and simulation results in the next section on the 

results of the measurement. 
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After the initial setup, the periodic heating is applied to the sample. It requires 

time for the temperature oscillation to settle at a steady state where gradual increase 

in the mean temperature disappears. This depends on the size and properties of 

the sample and has to be established empirically. Once the temperature oscillation 

reaches a steady sate, the InfraScope can record and save the movie files. Also, note 

that adequate frequency and amperage levels have to be carefully chosen for accurate 

measurement using the diffusion depth as was discussed in Section 5.2.2. 

Additionally, to calculate the thermal conductivity from the thermal diffusivity, 

the specific heat capacity is measured using DSC following the procedure specified in 

ASTM E1269, and the density is measured with a pycnometer. 

Measurement of Hair in a Vacuum: After validating the accuracy of the 

measurement technique, measurement of hair thermal diffusivity followed. The differ-

ences in morphology and mechanical properties of hair across types and the individual 

variability across the fibers of the same type suggest potential difference in thermal 

diffusivity across these factors as well. Moreover, different locations on an individual 

fiber possess different levels of mechanical, chemical, and thermal histories. In light 

of these observations, it is viable to hypothesize that there are three factors that 

affect thermal diffusivity of hair: hair type, individual fibers of the same hair type, 

and locations on the same hair fiber (Figure 5.8). To validate this hypotheses, an 

experiment was designed as shown in the table below. The experimental procedure 

is equivalent to that introduced in the previous section. 

Equation (5.20) illustrates a statistical model used for the ANOVA where the 

subscripts indicate the level of each factor, and the parentheses indicate which factors 

are nested in the other factors. 

Ti + F(i)j + S(j)k + ε(ij)k (5.20) 

where 

T = Hair type 



Hair Type vs 

Fiber - vs 

Location - 0 vs - 0 

Humidity Dry VS Humid 

I I 

I I I I 

I 

100 

F = Fiber 

S = Section 

H = Humidity 

i, j, k, l = Level of each factor 

Figure 5.8. Four factors that may influence thermal diffusivity of hair. 
The first three factors were used to take measurements in a vacuum, 
and the humidity level included to take the measurement in the humid 
air. 

Table 5.2. Design of experiment for assessing the effect of three factors 
on thermal diffusivity of hair: hair type, fiber, and section. 

Type Asian African Caucasian 

Fiber 1 2 3 4 5 

Section Root Tip 

Since the fiber is nested under hair type, fiber 1 in hair type 1 and fiber 1 in hair 

type 2 are unrelated, and hence no interaction term exists between fiber and hair 

type. Likewise, root in fiber 1 and root in fiber 2 are unrelated and no interaction 

terms exist resulting in leaving only main effects in the model. Fiber is treated as a 

random factor as a fiber is randomly drawn from numerous fibers of the same hair 

type. 
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Measurement in the Humid Air: In addition to the three factors mentioned 

in the previous section, hair is well known for its sensitivity to humid environment, 

which causes frizz on a particularly humid day. Not only does it disrupt the well 

groomed hair shape but also its mechanical properties [8, 49, 81]. More importantly, 

under the ambient condition, hair can absorb about 12 wt% of moisture, which will 

affect the effective thermal properties of hair. Thus, it is reasonable to hypothesize 

that the moisture content, in other words, the relative humidity to which hair is 

exposed, can affect its thermal diffusivity. 

Since control of the humidity level is infeasible during the operation of a vacuum 

pump, the humidity chamber introduced in Section 5.3.1 was used for the measure-

ment. However, due to the participation of the moist air and the natural convection, 

the measurement accuracy is expected to be unreliable. Thus, the results of the exper-

iment will be used only to evaluate the effect of the humidity and the three previously 

discussed factors. Table 5.3 shows the design of experiment. After collecting data, a 

statistical analysis that assumes fiber as a random effect nested under hair type, and 

section and humidity as fixed effects was performed. 

Table 5.3. Design of experiment for testing statistical significance of 
four factors hair type, fiber, section, and humidity level on Caucasian 
and African hair. 

Type 
Caucasian 

African 
Virgin Bleached Low Lifted 

Fiber 1 2 

Section Root Tip 

Humidity 31%RH 83%RH 

Equation (5.21) illustrates a statistical model used for the ANOVA. 

Ti + F(i)j + S(j)k + Hl + (T × H)il + (F × H)jl + (S × H)kl + ε(ij)kl (5.21) 
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where 

T = Hair type 

F = Fiber 

S = Section 

H = Humidity 

i, j, k, l = Level of each factor 

Since fiber is nested under hair type, fiber 1 in hair type 1 and fiber 1 in hair 

type 2 are unrelated, and hence no interaction term exists between fiber and hair 

type. Likewise, root in fiber 1 and root in fiber 2 are unrelated and no interaction 

terms exist. Only interaction terms exist between a humidity level and each of the 

three factors. Fiber is treated as a random factor as a fiber is randomly drawn from 

numerous fibers of the same hair type. 

Data Analysis: A MATLAB program was developed to process and analyze 

the movie files. The program reads in the temperature and time data to a matrix 

and process it through Fourier transform to select the component of the thermal 

signal at the fundamental frequency (the frequency of the square periodic heating 

wave generated by the function generator in this case). Then, magnitude and phase 

difference are then plotted along the length of a fiber. After specifying the reference 

point to be used as xo in Equation (5.18), the program calculates thermal diffusivity 

using the same equation. 

As the heat source is located at the center of the sample, thermal diffusivity can be 

measured in two directions. If the sample is in good contact with the heating wire, the 

magnitude and phase difference plots show a symmetrical shape as shown in Figure 

5.9. The red dashed line indicates the location where the sample is in direct contact 

with the heating wire. There is a peak at the contacting point, and both magnitude 

and phase decay exponentially until it reaches the locations indicated by the green 
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dashed lines. Calculation of thermal diffusivity within the region enclosed by the 

green lines is inaccurate because there is 2D effect which violates the 1D assumption. 

Thus, the calculation was done outside this region for all the measurements presented 

in this work. 

Figure 5.9. Magnitude and phase when good contact between a sam-
ple and the heating wire is established. Both plots display excellent 
symmetry. The red dashed line indicates the location where the sam-
ple is in direct contact with the heating wire. There is a peak at the 
contacting point, and both magnitude and phase decay exponentially 
until it reaches the locations indicated by the green dashed lines. Cal-
culation of thermal diffusivity within the region enclosed by the green 
lines is inaccurate because there is 2D effect which violates the 1D 
assumption. Thus, the calculation was done outside this region for all 
the measurements presented in this work. 

The average of the thermal diffusivities in both directions were obtained. Then, 

to minimize the inconsistency inherent in manual selection when choosing a region on 
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the sample for diffusivity calculation, the program automatically selects a region of 

specified number of pixels and sweeps through the whole region by shifting the region 

by one pixel at a time. This way, one can easily observe any abnormal behavior in 

thermal diffusivity along the length of the sample and more reliably choose a region 

for accurate acquisition of a thermal diffusivity value. Figure 5.10 illustrates how the 

slope of the plot is fitted to calculate thermal diffusivity in different regions at each 

iteration. 

Figure 5.10. The program sweeps the entire length of a fiber with a 
fixed range of linear region for the calculation of thermal diffusivity 
by one pixel at a time until the region reaches the end of the sample 
length. 
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5.4 Results and Discussion 

This section presents the results of the experiments introduced in the previous 

section and discusses them. 

5.4.1 Validation of Measurement Accuracy in a Vacuum 

The crucial component of infrared imaging is accurate measurement of emissivity. 

This is usually done by elevating the temperature of the whole sample with precisely 

controlled thermal stage to eliminate the effects of irradiation from the surround-

ings reflected by the sample [115], which may distort the emissivity measurement. 

However, the custom-made sample fixture which replaces the thermal stage has no 

capacity for precise temperature control. Therefore, emissivity of the samples had to 

be measured on the thermal stage before the experiment was performed. The follow-

ing table provides measured emissivity along with the existing data for comparison. 

Table 5.4. Emissivity of the measured samples. 

Material Form Color Measured emissivity Literature value 

Fluorocarbon 

based fishing wire 
Monofilament Clear 0.88 

0.81 [116] 

PVDF Monofilament Clear 0.7 

Monofilament Tan 0.65 

0.88 0.894 [117]PEEK Monofilament Black 0.83 

Film Tan 0.81 

Pure gum rubber Sheet Natural 0.85 0.85 [118] 

Human hair Fiber Light brown and black 0.85 0.91 [119] 

Table 5.4 shows the difference in emissivity between the measurement and pub-

lished data. This seems to be due to the combined effect of material purity, a surface 

condition and transparency, all of which differ in each study. The measurement also 

depends on the bandwidth of the detector; the InfraScope utilizes mid-wavelength 

infrared and does not capture the whole range of radiation. To better understand the 
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Figure 5.11. Sensitivity of temperature measurement for a thermal 
wave to uncertainty in emissivity. As is shown, even though the dif-
ference in absolute temperature is significant, the amplitude and phase 
of the oscillations is well preserved. 

impact of emissivity, the sensitivity of thermal diffusivity measurement due to error 

in emissivity was assessed with a MATLAB simulation. 

To assume the worst case scenario, the emissivity of tan colored PEEK monofila-

ment, which has the largest discrepancy between a measured value and the literature 

value, was used for the simulation. Figure 5.11 shows the impact of uncertainty in 

emissivity on measured temperature. The percent error on the temperature measure-

ment in terms of absolute temperature is small, amounting up to ±2.85 %, compared 

to the error in emissivity, which is 26.14 %. The error in magnitude is ±4.482 %. 

Using propagation of error along with ±1 % uncertainty in frequency modulation, the 

error in measured thermal diffusivity is ±1.08 %. Thus, the Angstrom’s method is 

robust in the circumstances where large uncertainty in emissivity is present. 
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Table 5.5. Comparison of thermal diffusivity of PVDF measured using 
a constant emissivity of 0.7 and emissvitiy mapping whose average 
emissivity is 1.05. 

Frequency Current Thermal diffusivity (mm2/s) 

(mHz) (mA) Constant Mapping % difference 

10 15 0.380 0.37 Constant 

50 15 0.357 0.358 10 

To further validate the point, I conducted several test cases where I measured 

thermal diffusivity of the PVDF monofilament in a vacuum, switching between the use 

of constant emissivity of 0.7 and using the emissivity map acquired by the InfraScope 

at a room temperature (approximately 18.6 ◦C) with a mean value of 1.05. Table 5.5 

compares the results between the two under different testing conditions. 

As predicted by the simulation, the difference between the two results are very 

small. Also, during the test, we discovered that using the acquired emissivity map at a 

room temperature provided more consistent thermal diffusivity value along the length 

of the sample. This seems to be due to the correction in emissivity values according to 

the surface condition and slight variation in focal depth offered by emissivity mapping, 

which is lost by applying constant emissivity to the whole area of view. Therefore, I 

decided to proceed with a emissivity map acquired with the InfraScope for measuring 

all other samples unless there was a special need for constant emissivity. 

Since all the data provided on thermal properties of the measured samples except 

the PEEK monofilament and hair are in thermal conductivity, separate measurements 

on specific heat capacity and density accompanies to enable calculation of thermal 

conductivity from the measured values. Table 5.6 provides an exhaustive list of all 

relevant properties both measured and acquired from the published data. 
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Figure 5.12 compares thermal conductivity of all the samples between the mea-

sured values and the published values. There are three remarks to make about the 

comparison. First, all the values are on the same order of magnitude which typifies 

thermal conductivity of polymers. 

Figure 5.12. Comparison of all the measured and published thermal 
conductivity of the tested samples. 

Second, some of the measured values are reasonably higher than the published 

values, which is expected because the thermal conductivity increases through a cer-

tain manufacturing process that involves drawing. For example, a drawing process 

typically utilized to manufacture monofilaments can lead to increased crystallinity 

which in turn increases thermal conductivity of the material [122]. Indeed, the pub-

lished result on thermal diffusivity of a PEEK monofilament also measured a higher 

value compared with the other available results [97,98]. Because of this, the measured 

range of PEEK monofilaments lies well within the published results. The higher mea-

sured values found in the PEEK films can partly rely on the same logic as there is 

a report on the positive correlation between the drawing ratio and thermal conduc-

tivity of a polymer film [109]; however, a closer investigation suggests involvement of 

another factor. The manufacturer of the film specifies ASTM E1530 as a standard 
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for measurement and seems to have made the measurement after the manufacturing 

process to reflect the change in the property. However, the standard is adequate for 

measuring cross-plane thermal conductivity of the films while the Angstrom’s method 

in the study has a setup more suitable for measuring in-plane thermal conductivity. 

A past studies have discovered anisotropy between in-plane and cross-plane thermal 

conductivities of polymer films where an in-plane value tends to be higher than a 

cross-plane one [123]. 

Lastly and most importantly for the objective of this study, the measured thermal 

conductivity of hair matches extremely well with the existing studies. The publica-

tion on the PEEK monofilament and hair both reported thermal diffusivity, which 

enables direct comparison. Figure 5.13 compares thermal diffusivity of the PEEK 

monofilament and hair between the measured values and the published values. 

Figure 5.13. Comparison of measured and published thermal diffusiv-
ity of the PEEK monofilament and hair. 
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The results successfully validated the accuracy of the measurement technique by 

comparing the measured values with the published data and providing compelling 

reasons for any discrepancy. 

5.4.2 Measurement of Hair in a Vacuum 

Table 5.7 lists all the measurement results. All measurements were made using 

the current of 10 mA supplied at 50 mHz, which was found to be most reliable and 

accurate. 

Table 5.8 lists the results of ANOVA (α = 0.05) run with SAS. All three factors 

had statistically insignificant impact on thermal diffusivity of hair. This make the heat 

transfer modeling process much more convenient because the differences in properties 

which complicate the modeling process can be safely ignored. 

5.4.3 Measurement of Hair in the Humid Air 

Results of the experiments to test the statistical significance of the four factors in 

a humid environment are presented in Table 5.9. 

ANOVA was run with α = 0.05. The results are shown in Table 5.10. The sta-

tistical significant of the factors are consistent with the vacuum results, rejecting the 

three factors to be insignificant and accepting only one factor, humidity, as signif-

icant. Overall, higher humidity depresses thermal diffusivity of hair. Despite the 

difficulty in accurately measuring thermal diffusivity of hair in the humid air due to 

the limitations in the theory and the measurement technique, the significant impact 

of humidity on hair was statistically proven. 
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Table 5.7. Results of all measured thermal diffusivity under given conditions. 

Type Fiber Section 
Thermal 

Diffusivity (mm2/s) 

Asian 

1 
Root 0.142 

Tip 0.141 

2 
Root 0.147 

Tip 0.147 

3 
Root 0.151 

Tip 0.140 

4 
Root 0.154 

Tip 0.145 

5 
Root 0.141 

Tip 0.147 

African 

1 
Root 0.145 

Tip 0.143 

2 
Root 0.141 

Tip 0.163 

3 
Root 0.161 

Tip 0.155 

4 
Root 0.158 

Tip 0.156 

5 
Root 0.136 

Tip 0.148 

Caucasian 

1 
Root 0.145 

Tip 0.142 

2 
Root 0.153 

Tip 0.153 

3 
Root 0.157 

Tip 0.140 

4 
Root 0.141 

Tip 0.149 

5 
Root 0.145 

Tip 0.150 
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Table 5.8. Results of ANOVA on the three factors. 

Factor p-value (alpha =0.05) 

Type 0.2258 

Fiber 0.3573 

Section 0.0943 

Table 5.9. Results of all measured thermal diffusivity under given conditions. 

Type Fiber Section Humidity Thermal Diffusivity (mm2/s) 

African 

1 

Root 
Low 0.470 

High 0.388 

Tip 
Low 0.405 

High 0.356 

2 

Root 
Low 0.473 

High 0.434 

Tip 
Low 0.378 

High 0.353 

Caucasian 

1 

Root 
Low 0.496 

High 0.443 

Tip 
Low 0.479 

High 0.441 

2 

Root 
Low 0.423 

High 0.352 

Tip 
Low 0.381 

High 0.352 

Bleached 

1 

Root 
Low 0.384 

High 0.391 

Tip 
Low 0.371 

High 0.314 

2 

Root 
Low 0.379 

High 0.316 

Tip 
Low 0.368 

High 0.306 

Low Lifted 

1 

Root 
Low 0.455 

High 0.513 

Tip 
Low 0.417 

High 0.393 

2 

Root 
Low 0.395 

High 0.361 

Tip 
Low 0.449 

High 0.398 
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Table 5.10. Results of ANOVA on the four factors. 

Factor p-value (α = 0.05) 

Type 0.2137 

Fiber 0.0733 

Section 0.2637 

Humidity 0.0047 
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6. HEAT TRANSFER MODELING OF FLAT IRONING 

After successfully measuring all relevant material properties, construction for a heat 

transfer model begins. The modeling process proceeds in two steps: first, construction 

of a 2D heat transfer model between a hair bundle and a flat iron utilizing a finite 

difference method, and secondly, comparison of the model outputs with experimental 

outputs and adjustment of the fitting parameters to better fit the model. 

6.1 2D Heat Transfer Model using the Finite Difference Method 

A 2D heat transfer model is constructed using a finite difference method [124]. 

The finite difference method is type of numerical analysis methods. It utilizes a nodal 

network in which node resides within a discretized element. 

To begin with, a model representation of a hair bundle and a flat iron are laid 

out as shown in Figure 6.1. In reality, the hair bundle would experience 3D heat 

transfer through convection and radiation on its sides. However, 2D heat transfer, 

looking at the hair bundle from the side as in the figure largely simplifies the modeling 

process and is considered appropriate given the small thickness of the bundle, in which 

case, heat transfer will dominantly occur through the top and bottom surfaces of the 

bundle. 

To enable the use of the finite difference method, the model geometry was dis-

cretized into small rectangular elements of height δy and width δx that enclose nodes 

(Figure 6.1). In doing so, effective material properties utilizing the rule of mixtures are 

assumed to account for both air and hair fractions enclosed in each element (Equation 

(6.1)) 

meff = Fhairmhair + Fairmair (6.1) 
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Figure 6.1. A 2D heat transfer model was constructed using the pa-
rameters illustrated in the diagram. To apply the finite difference 
method, the bundle was discretized into small sections of width (Δx) 
and height (Δy). As shown on the right side, various modes of heat 
transfer occurs in each section which interacts with one another to 
manifest the overall heat transfer across the entire bundle. 

where 

m = Any material property 

F = Volume fraction of the material in a bundle 

A governing differential equation is a 2D heat diffusion equation shown below 

(Equation (6.2)). 

1 ∂2T ∂2T 
α 

= + 
∂x2 ∂y2 

(6.2) 

α = Thermal diffusivity 

T = Temperature 

x = location in x-direction 

y = location in y-direction 
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This equation is discretized and modified accordingly with differing boundary 

conditions. An implicit method with which the temperature of the next time step at 

the node of interest is calculated by utilizing the temperatures of the current time 

step at the adjacent nodes. For example, all the nodes inside the hair bundle are 

subject to heat transfer through conduction only. The equation reduces to: 

T p+1 (T p + T p ) + Fy(T p 
m,n−1 − 2Fy)T p 

m,n = Fx m+1,n m−1,n m,n+1 + T p ) + (1 − 2Fx m,n (6.3) 

where 

kxΔt 
Fx = (6.4)

ρcpΔx2 

kyΔt 
Fy = (6.5)

ρcpΔy2 

and 

kx = thermal conductivity in x-direction 

ky = thermal conductivity in y-direction 

Δt = time step 

ρ = density 

cp = specific heat capacity 

Note the separate notations for thermal conductivity in two directions. This is to 

flexibly account for the anisotropy in the effective thermal conductivity. The hair and 

air components in the bundle were assumed to be contributing to thermal conductivity 

in parallel as shown in the equation below. 

kp = Fhairkhair + Fairkair (6.6) 
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At the top nodes, heat transfer occurs through convection and radiation to air 

when a flat iron is not in contact and through conduction and radiation when it is. 

Both conditions can be described using one equation. The equation below describes 

the former condition (Equation (6.7)). 

T p+1 (T p + T p T p 4) + 2F y T∞ + 2Eym,n = Fx m+1,n m−1,n m,n−1 + 2ByFy FyT∞ (6.7) 
(T p )T p+ (1 − 2Fx − 2Fy Fy Fy m,n)3− 2By − 2Ey m,n 

where 

hΔy
By = (6.8)

ky 

�σΔy
Ey = (6.9)

ky 

and 

h = coefficient of convection 

T∞ = ambient temperature 

� = emissivity 

σ = Stefan-Boltzmann constant 

T∞ and h change to Tflat (flat iron temperature) and he (effective convection 

coefficient including the contact resistance when flat iron is in contact) when a flat 

iron is in contact. The equations for the bottom nodes will be the same except the 

change in the direction of heat flow in one of the terms as follows. 

T p+1 (T p + T p T p 4 = Fx ) + 2F y + 2ByFyT∞ + 2EyFyT∞m,n m+1,n m−1,n m,n+1 (6.10) 
(T p 3 + (1 − 2Fx − 2Fy Fy Fy m,n) )T p− 2By − 2Ey m,n 

At the two ends of the bundle, a constant temperature T∞ is assumed as they are 

in contact with clamps that can function as heat sinks. 
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6.2 Experimental Validation of the Model Output 

Two types of hair, Asian and African, were tested for the experimental validation. 

Both samples were prepared from multiple sources by International Hair Importers 

and Products. Each bundle contained approximately 30 mg of hair and the width 

(approximately 10 mm for both Asian and African) and thickness (approximately 

0.22mm for Asian and 0.5mm for African) of the bundle were controlled to the best 

effort as they are parameters that affect the simulation results. 

The hair samples were soaked in a 1 % solution of clarifying shampoo for 3 minutes, 

thoroughly washed with warm water and equilibrated at 21 ◦C and 48 %RH to 52 %RH 

for 24 hours before heat application. 

Table 6.1 shows the design of experiments for Asian samples and Table 6.2 for 

African samples. Both include three factors: a temperature setting, gliding speed, 

and the number of passes. For both cases, data acquired after multiple passes were 

used for comparison with the simulation results because the results of the initial 

several passes were significantly impacted by the wet component of the protectant. 

Table 6.1. Design of experiments for validation of the heat transfer 
model with Asian hair samples. 

Temperature (celsius) 115 164 210 

Gliding Speed (cm/s) x Number of Passes 1 x 1 3 x 3 5 x 5 

Table 6.2. Design of experiments for validation of the heat transfer 
model with African hair samples. 

Temperature (celsius) 115 210 

Gliding Speed (cm/s) 1 5 

Number of Passes 1 5 

Experimental equipment and procedures are equivalent to those introduced in 

Chapter 3. A MATLAB program was developed to post-process the recorded data 
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and output plots and values that can be compared with simulated results. Three types 

of plots were generated as means of comparison. First of all, the change in temperature 

along the bundle over time was plotted to confirm accordance in the general behavior 

of the heat transfer. Next, I compared the amount of time each position in the hair 

bundle was exposed above a certain temperature as a quantitative comparison that 

numerically captures any difference between the simulation and experiments. 

There are three parameters that are not reliably accounted for despite the best 

efforts made to estimate them. They include thermal contact resistance between 

the surfaces of hair bundle and a flat iron, the fractions of hair and air inside a 

bundle, and the convection coefficient. The thermal contact resistance was found to 

have relatively little impact on the simulation results while the other two exhibited 

significant influence. To address this issue, one of the flat ironing conditions was 

chosen (5 passes at 5 cm/s and 210 ◦C) and the parameters were adjusted until a 

satisfactory result was obtained. Then, the rest of the conditions were simulated 

maintaining the fitting parameters consistent across all of them. 
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6.3 Results and Discussion 

Figure 6.2 shows an example of the comparison between time plots of experimental 

results and simulation. Throughout all the conditions, the general behavior of heat 

in hair bundles well matched between the two. The temperature of the hair bundle 

sharply increases to reach that of a flat iron instantly after coming into contact with 

the flat iron plates. After the flat iron glides past, the temperature exponentially 

decays to the ambient temperature. 

Figure 6.3 is an example of comparing the change in temperature over time at 

a specified location on a hair bundle. This profile should essentially look the same 

across all locations as the only difference will be the delay in the phase contingent 

on the flat ironing speed. The dips in the experimental plot marked by arrows are 

produced by the flat iron body’s blocking the vision of the IR camera during the 

measurement when it is in direct contact with the hair bundle. 

Figure 6.4 visually illustrates what the exposure time means by utilizing the ex-

perimental result shown in Figure 6.3. 

Table 6.3 lists the comparison of exposure time above 80 ◦C, 90 ◦C, and 100 ◦C 

between experimental and model outputs under various flat ironing conditions. 

The general trend in the comparison is prominent; the higher all the three flat 

ironing parameters are, the more accurate the model outputs become except the 

condition at 164 ◦C and 3 cm/s for 3 passes. The reason behind this trend becomes 

clear if the difference instead of % difference is used for comparison. Despite the 

large variation in the % difference, the difference is relatively constant throughout 

all conditions. The large variation in the % difference originates from the smaller 

denominator inevitable for the condition with lower exposure time which is contingent 

on the lower values of the flat ironing conditions. 

Table 6.4 shows the results of the comparison on the African hair. 

Again, using the % difference as a metric for the accuracy of the model could be 

misleading if the exposure time is very small in the first place. For example, when 
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Figure 6.2. Simulation (red) and experimental results (blue) of the 
temperature profile over the length of a hair bundle are compared 
when flat ironing occurs at a gliding speed of 1 cm/s at 115 ◦C. The 
region marked by black dotted lines illustrates the location of the flat 
iron moving to the right. 

flat ironing happens once at 115 ◦C and 5 cm/s, the % difference is very large but the 

numerical difference is very small. By the same token, when flat ironing happens 5 

times at 210 ◦C and 1 cm/s, the % difference is relatively small, but the numerical 

difference amounts up to 10 seconds. Considering this caveat, the model performs 

better when the condition involves a single pass of flat ironing. This behavior is 

different from the case of Asian hair where conditions with higher number of passes 
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Figure 6.3. Comparison of change in temperature over time at a 
specified location between the (a) simulation and (b) experimental 
results. In the experimental results, the dip in temperature before 
each peak originates from the hindered observation of the temperature 
of a hair bundle by a flat iron body. 

Figure 6.4. Visual illustration of what the exposure time means and 
how it is calculated. (a) The temperature throughout all location on 
a hair bundle is monitored, and the duration of time for which each 
location is above 100 ◦C is counted. (b) Then, the recorded exposure 
time at each position is plotted as shown in the right. 

performed better. The difference may originate from the better fiber alignment and 

consistency in cross-sectional dimensions of Asian hair. The Asian hair bundles did 
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Table 6.3. Comparison of exposure time over 80 ◦C, 90 ◦C, and 100 ◦C 
between simulation and experimental results under various flat iron-
ing conditions on Asian hair. The last column presents % difference 
between the two to quantify the accuracy of the model prediction. 

Temperature 

(celsius) 

Gliding Speed 

(cm/s) 

Number of 

Passes 

Threshold 

Temperature (celsius) 
Experiment (s) Simulation (s) Difference % Difference 

115 

1 1 

80 6.6 8.5 2.0 30% 

90 5.3 7.4 2.1 39% 

100 4.2 6.3 2.1 49% 

3 3 

80 13.9 15.4 1.6 11% 

90 9.7 11.9 2.2 22% 

100 6.2 8.8 2.6 42% 

5 5 

80 26.6 21.8 -4.8 -18% 

90 18.4 15.9 -2.5 -14% 

100 10.4 10.7 0.3 3% 

164 

1 1 

80 9.1 11.8 2.7 29% 

90 8.1 10.6 2.5 31% 

100 7.1 9.6 2.4 34% 

3 3 

80 25.3 25.1 -0.2 -1% 

90 22.4 21.6 -0.8 -3% 

100 18.4 18.5 0.1 1% 

5 5 

80 34.0 38.0 4.0 12% 

90 26.9 32.1 5.2 19% 

100 22.5 26.9 4.4 20% 

210 

1 1 

80 11.6 13.8 2.2 19% 

90 10.3 12.6 2.3 23% 

100 9.3 11.6 2.3 25% 

3 3 

80 25.4 29.7 4.4 17% 

90 24.2 27.7 3.6 15% 

100 22.4 24.6 2.2 10% 

5 5 

80 37.3 37.6 0.3 1% 

90 35.8 36.4 0.7 2% 

100 33.9 35.4 1.5 4% 

not experience change in the cross-sectional dimensions regardless of the number of 

flat ironing cycles because the fibers are already straight. In contrast, the African 

hair bundles become more organized and aligned with the increasing number of flat 

ironing cycles. Therefore, the cross-sectional dimensions which govern the volume 

fraction of a solid phase (hair) and a gaseous phase (air) in the bundle will change 

over time, affecting the results of the simulation. Then, it might make more sense to 
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Table 6.4. Comparison of exposure time over 80 ◦C, 90 ◦C, and 100 ◦C 
between experimental and simulation results under various flat ironing 
conditions on African hair. 

Temperature 

(celsius) 

Gliding Speed 

(cm/s) 

Number of 

Passes 

Threshold 

Temperature (celsius) 
Experiment (s) Simulation (s) Difference % Difference 

115 

1 

1 

80 8.9 9.3 0.4 5% 

90 6.5 6.8 0.3 5% 

100 4.7 4.7 0 0% 

5 

80 46.8 46.9 0.1 0% 

90 35.6 34.3 -1.2 -3% 

100 26.9 23.7 -3.2 -12% 

5 

1 

80 1.2 1.9 0.6 53% 

90 0.8 0.7 -0.1 -17% 

100 0.7 0.6 -0.1 -20% 

5 

80 16.4 22.6 6.2 38% 

90 8.2 11.3 3.1 38% 

100 4.2 3.7 -0.5 -12% 

210 

1 

1 

80 18.8 19.0 0.2 1% 

90 16.6 16.5 -0.1 0% 

100 14.9 14.4 -0.5 -3% 

5 

80 80.6 70.8 -9.8 -12% 

90 78.4 68.3 -10.1 -13% 

100 70.4 66.2 -4.2 -6% 

5 

1 

80 12.0 12.3 0.4 3% 

90 9.2 9.8 0.6 6% 

100 7.0 7.7 0.7 10% 

5 

80 48.2 43.1 -5.1 -11% 

90 45.3 40.6 -5.7 -10% 

100 42.7 38.4 -4.2 -10% 

use a different ratio of the volume fraction for the conditions with different number 

of flat ironing cycles instead of using the fixed ratio for all the conditions. 

In addition, including evaporation of moisture from the hair, which alters the 

effective properties such as thermal conductivity, specific heat capacity and density 

of the bundle may improve the simulation. The temperature dependence of material 

properties could influence the simulation results. However, despite these gaps, the 

simulation results match the experimental results quite closely especially for the case 

of Asian hair where the cross-sectional dimensions stay constant over multiple cycles 



126 

of flat ironing. Thus, the presented heat transfer model proves to be a useful tool 

for simulating heat transfer between hair and a flat iron under various flat ironing 

conditions. Even without the accurate information about the density of hair bundle, 

thermal contact resistance, and convection coefficient, the model is still expected to 

serve as a useful tool for qualitatively differentiating the effect of different flat ironing 

conditions. Finally, in conjunction with the previously developed predictive model 

for the fatigue strength, the model will serve as a practical tool for estimating the 

amount of reduction in hair strength imparted by certain flat ironing conditions and 

aid flat users in making better informed decisions. 
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7. CONCLUSIONS 

7.1 Summary 

Gaps in the current studies regarding the evaluation of flat ironing performance 

as it relates to relevant concerns of flat iron users such as reduction in hair strength, 

straightening efficacy, and permanent curl loss were identified. The guidelines pro-

vided by flat iron manufacturers on the use of a flat iron demonstrated inconsistencies 

in their hair classification and a corresponding range of recommended temperature. 

Meanwhile, observation of an online hair care community revealed flat iron users’ 

dilemma between the needs for temporary hair straightening and the fear of heat 

damage. I concluded that these gaps originate from the absence of a practical study 

that offers a decision making tool for flat ironing and proposed to address them by 

(1) experimentally investigating the effects of flat ironing conditions and (2) create 

a heat transfer model between hair and a flat iron to simulate the behavior of heat 

which is highly likely to be a direct indicator of heat damage. 

In Part 1, the study on predictive modeling of flat ironing results and the benefits 

of a heat protectant were presented. It contributes to the community of hair science 

in several aspects. First, it provides the methods for quantifying the three flat ironing 

results: reduction in hair strength, straightening efficacy, and permanent curl loss. 

These metrics better reflect the concerns of flat iron users and offer researchers and 

product developers in the field a more effective way of communicating their findings 

to the consumers. Second, it introduced a more scientifically rigorous method of ex-

perimenting the effects of flat ironing by building the fully automated flat ironing 

mechanism which can accurately control the gliding speed and the number of passes. 

Third, it demonstrated that construction of predictive models for each flat ironing 

metric is possible with the temperature setting, gliding speed, the number of passes, 
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and the exposure time as parameters. The study suggested multiple linear regression 

as one way of establishing the models, assuming linear contribution of each parameter 

to the flat ironing results. Fourth, the study discovered that the temperature setting 

was the most dominant factor in predicting the impact of flat ironing conditions on 

the straightening efficacy and permanent curl loss whereas the exposure time was the 

single best predictor of reduction in fatigue strength. Finally, it discovered that the 

effect of a silicone-based heat protectant depends on the flat ironing conditions. For 

instance, if hair is flat ironed at 210 ◦C and 1cm/s in the presence of the heat pro-

tectant, a single pass will impede the straightening efficacy as opposed to five passes 

that enhance the straightening efficacy in comparison with the identical conditions 

without the protectant. This is clear evidence of the need for investigating individ-

ual flat ironing conditions for the performance of the complementary products in the 

flat ironing process. Overall, the study proved that the construction of predictive 

modeling is essential for providing reliable, unbiased, and accurate prediction of the 

metrics for desirable and undesirable flat ironing results, and that it has a potential 

to serve as a powerful tool for flat iron users who want to wield the flat iron at hand 

in a more judicious way. The example of its application was outlined by the simple 

guidelines that help flat irons users achieve their styling goals with specific flat ironing 

conditions. 

In Part 2, in light of the high correlation between the reduction in the fatigue 

strength and the exposure time, the heat transfer model between a flat iron and 

hair was developed. The study demonstrated the heat transfer modeling by utilizing 

the finite difference method assuming the heat transfer to occur dominantly in 2D 

and a hair bundle to be a rectangular slab possessing effective material properties 

contingent on the volume fractions of hair and air. The model exhibited fairly high 

predictive accuracy across all flat ironing conditions. The study contributes to a sci-

entific community by introducing a modeling technique which is broadly applicable 

to fabrics and composites. Thermal characterization of human hair preceded to en-

able the development of the model. In doing so, the novel measurement technique 
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based on Angstrom’s method integrated with infrared thermography was developed 

and proved its accuracy and reliability in measuring the thermal diffusivity of poly-

mer monofilaments and films of a-few-hundred-micron thickness. The measurement 

technique has a potential to measure other materials on a similar scale and in similar 

forms. Also, the measurement successfully proved that the thermal properties of hair 

are consistent across hair types even though humidity can significantly influence it, 

providing new insights to the community of hair scientists. 

7.2 Suggestions for Future Work 

I have realized both during and after each project, several ways in which I can 

improve the experimentation and analysis. I would like to share some of them before 

I conclude the dissertation. 

7.2.1 Investigation of Flat Ironing Results and Predictive Modeling 

For the experimental investigation of flat ironing results, examination of various 

intermediate and even more extreme flat ironing conditions are necessary to fully un-

derstand the impact of flat ironing. For example, it was found that the gliding speed 

is negatively correlated with the reduction in the fatigue strength of hair. However, 

without the information on the effects of the intermediate speeds, the exact relation-

ship between the gliding speed and the fatigue strength cannot be fully understood. 

There is much room for improvement in the experimental equipment. It takes a 

lot of manpower to run the experiment in the current setting. A fully automated 

process will eliminate the need of manpower and greatly increase the productivity. 

Especially useful would be automation of CI and CD measurements. Development of 

image processing algorithm to perform the measurements would greatly reduce the 

time taken to measure everything manually and make the process more robust by 

reducing the magnitude of measurement error. 
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As was discussed, the African hair used for the experiments was a mixture of 

Type V, VI, and VII. This could have contributed to large variation in the behavior 

among the individual hair strands and lowered the explanatory power of the predictive 

models. More rigorous classification and preparation of hair samples may significantly 

improve the predictability of the models. 

Investigation of straightening efficacy and permanent curl loss after multiple flat 

ironing cycles rather than a single cycle would better capture the effect of repeated flat 

ironing. Also, this may reveal the unrealized effect of the exposure time further and 

make the development of the heat transfer model even more attractive for predicting 

the results of flat ironing. 

There are several alternatives to multiple linear regression used in the study. They 

have a potential to improve the relatively low explanatory power of the present models. 

For instance, Weighted Least Squares distribute different weights to each observation, 

which addresses varying degrees of random error at different levels of explanatory 

variables. 

7.2.2 Evaluating the Performance of Heat Protectants 

To better understand the effects of heat protectants and especially the effect of 

particular ingredients, which was silicone in this study, better-controlled formulation 

of the protectants is required. The study used commercially available protectants, 

which is inevitably subject to the confounded effect of all the participating ingredi-

ents. While it was sufficient to illustrate the usefulness of the proposed flat ironing 

metrics and the need to closely investigate different conditions because of potentially 

bidirectional change in the metric depending on the presence of the heat protectant 

despite the equivalence in the rest of the parameters. 

Flat ironing hair with and without heat protectants in the absence of heat would 

provide insights into the role of reduced friction on hair imparted by heat protectants. 

Even though the reduction in the stretching force is generally accepted as beneficial for 
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the long-term hair health, a required amount of reduction to be effective in this regard 

is now known. If the amount of reduction in stretching force does not contribute much 

to the preservation of hair strength, it obviates the need of heat protectants in that 

particular aspect. 

Equilibrating hair samples for another 24 hours after the application of heat pro-

tectants could be a good practice to improve the reliability of the experimental results. 

When flat ironing occurs for the first few cycles on the sample with heat protectants, 

the wet component largely decreases the exposure time which is in turn highly cor-

related with the reduction in fatigue strength. Also, considering the role of water as 

a plasticizer which promotes denaturation of hair, these two opposing mechanisms 

could introduce unwanted effect to the flat ironing results. Having stated the in-

creased complexity in flat ironing hair with wet protectants on it, the investigation 

of the performance of dry protectants would reveal even more insights into the role 

of protectants in flat ironing as was once studied [8]. 

Finally, washing and re-applying heat protectants after and before each flat ironing 

cycle would make the experimental results more realistic. This process was omitted to 

specifically focus on the effect of the protective coating by excluding the participation 

of the wet component. Now that it has been investigated, an additional examination 

that employs new protocols would be helpful in assessing the performance of the heat 

protectants in the context of current usage pattern. 

7.2.3 Thermal Characterization of Hair and Heat Transfer Modeling 

The possible improvements in thermal characterization and heat transfer modeling 

of human hair revolves around the effect of moisture present both inside and outside 

of hair. 

Hair is highly hygroscopic, and it can take up to about 12% of its weight in water 

in the ambient condition. Thus, the effective thermal properties of hair should highly 

dependent on the presence of water. The current experimental setup poses a challenge 
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in maintaining the water content because all measurements are taken in a vacuum 

where evaporation of water happens at a significantly lower temperature. On the other 

hand, a use of the technique in the ambient condition poses another challenge due 

possibly to the participation of natural convection. Thus, measurement of thermal 

diffusivity in the presence of water requires better design of experimental equipment 

and understanding of participating modes of heat transfer. Alternatively, finding a 

way to seal moisture inside hair would enable the use of the current experimental 

setup which is already proven to accurately and reliably measure thermal diffusivity 

of hair. 

The presence of water all introduces challenges to heat transfer modeling. The 

range of temperature used for flat ironing is well above the boiling temperature of 

water and removes water from hair. Hair then resorbs water after it is exposed 

to the ambient condition. Therefore, accurate prediction of heat transfer in hair 

requires a clear understanding of the rate at which water is removed and resorbed. 

The presence of water present additional challenge to utilizing the model and its 

outputs. It was shown that there is a high correlation between the exposure time and 

the reduction in fatigue strength. The permanent change in hair structure is highly 

related with denaturation of keratin which in turn is highly related with water content. 

Therefore, to better utilize the heat transfer model, more accurate understanding of 

the relationship among all the participating factors. 
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