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Synopsis

The manipulation of hair shape, either to straighten or curl hair, is carried out on a grand scale in the hair care 
consumer market. Often, such changes are brought about through chemical or physical treatment, resulting 
in changes to hair chemistry. In this article, we review existing and present new data on methods to assess the 
effi cacy of such treatments, mostly concentrating on imaging technologies used in conjunction with image 
analysis. In addition, we introduce spectroscopic imaging techniques and fl uorescence spectrophotometry as 
tools to assess the biochemical state of the hair fi ber as a result of hair shape modifi cation regimens. Finally, 
we demonstrate how the structural integrity of the fi ber is monitored with dynamic scanning calorimetry and 
traditional mechanical testing of the tensile properties of hair.

INTRODUCTION

As an outward expression of beauty, individuals often manipulate the shape of their hair 
to make themselves more attractive. Often, this involves subjecting hair to chemical and 
physical treatments that are carried out to change the shape of hair, such as permanent 
waving, relaxing, and hair straightening treatments (e.g., hot fl at iron, Brazilian hair 
treatments, and Japanese straightening). Although permanent waving may be more of a 
niche market, relaxers are used almost universally by individuals with African hair, espe-
cially in the United States (1). In recent years, the use of hot straight irons and Brazilian 
hair treatments (e.g., Brazilian Blowout) has exploded (2). In order to gain a better grasp 
of the effi cacy of products and treatments, it is desirable to have established techniques to 
quantify such changes in the three-dimensional geometry of the hair fi ber assembly. One 
of the most suitable avenues for carrying out such analyses involves photographic imag-
ing in combination with image analysis techniques (3). In most circumstances, these 
modifi cations to hair are accompanied by irreversible damage to the fi ber’s chemical and 
morphological structure. For example, thermal treatments carried out with hot irons can 
result in a loss of free and bound H2O, tryptophan degradation, color changes, increases 
in mechanical combing forces, cuticle cracking (axial and radial), cuticle fusion and 
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bubble formation, and an increase in tensile strength (cross-linking). Such information 
was garnered from decades of research with both wool and hair (4–8). Chemicals treat-
ments, such as permanent waving and hair straightening with relaxers, are also very 
damaging to hair. Typically, permanent waving is accomplished by treating the hair fi rst 
with a reducing agent (e.g., mercaptoethanol) to break disulfi de bonds, and then once 
hair is manipulated in the desired formation, it is treated with H2O2 to reform the disul-
fi de links (9). As a result, the ensuing damage to permanently waved hair is paramount 
and leads to a reduction of the fi ber’s overall mechanical properties as well as surface dam-
age. Commonly employed by individuals whose hair can be characterized as very tightly 
curled (e.g., African-type hair) or frizzy, hair straightening formulations (chemical relax-
ers) rely on the activity of strongly basic formulations that result in chemical and mor-
phological changes in the hair shaft. Traditionally, NaOH-based (lye) relaxers were used 
to carry out such a task, resulting in a great deal of damage to the fi ber including: disul-
fi de bond cleavage, formation of lanthionine cross-links, supercontraction of the fi ber, 
protein conformational changes (e.g., denaturation of the alpha-helical structure), and an 
increase in mechanical combing forces (10). More recently, lower pH chemical relaxers 
have been introduced into the market place; however, they still damage the fi ber. In this 
article, we demonstrate the utility of imaging techniques for quantifying hair shape as 
well as state-of-the-art methods to monitor damage induced by treatments intended to 
reshape the hair.

IMAGING TECHINQUES AND IMAGE ANALYSIS TO QUANTIFY HAIR SHAPE

In the past decade, advances in photographic imaging have reached new heights, allow-
ing scientists to gather data in pictographic form rather quickly and inexpensively. High-
resolution images of hair are now easily generated by DSLR cameras with full exposure 
control that can be used in combination with sophisticated, yet economic, illumination 
systems. Another option for generating high-quality images is to utilize fl atbed scanner 
technology. Some of the major advantages of scanners include reproducible light illumi-
nation as well as increased depth of fi eld, both extremely applicable for examining hair 
tresses of varying shape. Regardless of the technique employed to generate images, data 
can be extracted from the photographs utilizing image analysis software, which is easily 
accessible for most laboratories. In the paragraphs that follow, we demonstrate the use of 
image analysis in combination with photographic techniques to measure the shape of 
hair. We are specifi cally interested in determining the amount of frizziness or curliness 
of hair as well as monitoring fi ber alignment, which is extremely useful for measuring the 
straightening effi cacy of a chemical relaxer or thermal styling treatment.

Morphological differences in various hair types lead to distinct geometries in the overall 
three-dimensional structure of the fi ber assembly. In effect, we have a variety of hair 
shapes including: extremely fi ne to coarser grades of Caucasian hair of European descent, 
frizzy hair such as that of mulatto origin from Brazil, African hair types that tend to be 
extremely curly, hair from Middle Eastern countries and of Arabic descent, and Asian 
hair, which is probably a gross simplifi cation of a selection of hair from distinct corners of 
this continent ranging from Japanese to Southern Indian and everything in between in-
cluding a variety of Chinese hair types. Figure 1 contains photographs of a selection of 
hair types to illustrate the variety of fi ber assembly shapes found in humans of different 
racial backgrounds.
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MEASURING FIBER ORIENTATION BY TWO-DIMENSIONAL FOURIER 
TRANSFORM

Fiber alignment is a desirable trait for characterizing hair fi ber assemblies since it defi nes 
the geometric arrangement of the fi bers. For example, one may wish to quantify hair that 
has undergone permanent waving treatment to monitor changes in hair shape. Similarly, 
hair relaxer treatments are employed to eliminate the curl of hair. Thus, one may seek to 
quantify the degree of straightening induced by relaxer treatment. We may also wish to 
measure the de-frizzing or de-volumizing capacity of a treatment. These fi ber assembly 
properties may be quantifi ed using image processing techniques in combination with 
two-dimensional Fourier transform analysis.

In image processing, Fourier transform is used to remove repeating patterns from images, 
such as halftones from scanned images or periodic noise that can present itself in images 
obtained with certain instruments—these include transmission electron microscopy and 
scanning probe microscopies (11). Fourier transform may also be used to perform fractal 
analysis and to examine texture in images. Finally, it is also used to measure the orienta-
tion and alignment in images. Specifi cally, image transform techniques have found par-
ticular use in the quantifi cation of fi ber alignment of textiles (12).

Fourier transform decomposes an image from its spatial domain of intensities into a fre-
quency domain with appropriate magnitude and phase values. In the frequency form of 
the image, gray scale intensities represent the magnitude of the various frequency com-
ponents. Analysis is typically performed by using discrete Fourier transform:

-1
-i2 /

=0

1
( ) = ( )e

N
uxN

x

F u f x
N

π

   
(1)

where N is the number of sampled points along the function f(x), i is 1, and F(u) the 
transform function. It determines the rate at which an intensity transition occurs in a 

Figure 1. Images of various types of hair illustrating their diversity in shape. Type I is classifi ed as straight 
European hair, Type II as wavy hair, Types III and IV as mulatto hair, and Type V as African-type hair.
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given direction in the image. In the case of hair, if fi bers are predominantly oriented in 
one direction, the spatial intensities in the perpendicular direction will be high.

As an example of fi ber straightening, Figure 2 contains images of African hair in its native 
state (A) and at increasing levels of relaxer treatment (B and C). Visual observation clearly 
reveals the change in fi ber curvature when comparing untreated hair with partially (B) 
and fully (C) relaxed hair. The corresponding two-dimensional Fourier transform images 
are shown adjacent to the original images of hair and provide us with a measure of fi ber 
alignment. In the case of untreated African hair, there is no directionality apparent in the 
transformed image. The Fourier transform distribution is omnidirectional. However, 
when we examine the partially relaxed hair sample, a more narrow distribution appears 
demonstrating that fi bers are beginning to exhibit a repeating pattern. In the fully re-
laxed hair, the distribution becomes even more narrow and intense, indicating fi ber align-
ment along a principle axis. Since the Fourier transform images are symmetrical, only 
half of the image needs to be quantifi ed. A 180° arc is drawn circumferentially from one 
axis of the Fourier transform image to another, allowing us to measure light intensity 
(luminosity) along the arc. From the plot of luminosity versus arc angle, we observe a 
peak corresponding to fi ber alignment distribution. In the case of untreated African hair, 
the peak is very wide (177°); however, the partially and fully relaxed hair samples had 
peak widths of 35° and 18°, respectively. In this case, we demonstrate the utility of two-
dimensional Fourier transform analysis for characterizing relaxer treatments of African 
hair. It may also be applied to quantifying other chemical or physical treatments of hair, 
thereby resulting in geometrical changes of the fi ber assembly, or even to characterize hair 
styling confi gurations such as brading.

HAIR CURLINESS

It is often desirable to measure the degree of hair curliness to evaluate the effi cacy of cos-
metic treatments, or just to investigate the curliness of a given hair type. Using a method 
proposed by Loussouarn and coworkers, the length of the hair is measured at rest, then 
fully stretched, to calculate the curl index (CI) (13):

rest

stretched

Length
CI =

Length    (2)

In the original method, fi ber measurements are conducted without the aid of image analysis 
or imaging equipment. In this study, we obtain images of hair with a fl atbed scanner, which 
is calibrated with a measuring scale. Images of three hair types, African, artifi cially curled, 
and frizzy, are provided in Figure 3. Representative fi bers are shown in the relaxed and 
stretched state. Applying Equation 1 to the distance measurements yields curl indices of 
2.25 ± 0.15, 1.58 ± 0.16, and 1.19 ± 0.24 for African, artifi cially curled, and frizzy hair, 
respectively. These data represent an average of measurements for fi ve fi bers of each hair type.

HAIR VOLUME

The volume of a hair fi ber assembly can be measured with great facility using a three-
dimensional laser stereometer (14). Such a device can be constructed utilizing an x-y 
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two-dimensional translational stage and a laser device, which provides distance informa-
tion in the z direction. The distance data are obtained by triangulation of the refl ecting 
red laser beam from the surface of the measured object, in this case hair. Since hair fi ber 

Figure 2. Images and their corresponding two-dimensional Fourier transform for (A) untreated African hair 
and the same hair type that underwent a (B) partial and (C) full chemical relaxation procedure.
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assemblies do not have a continuous solid surface, each z-dimension reading is an average 
of measurements obtained from multiple refl ections corresponding to fi bers at various 
depths below the outermost hair surface. The utility of this technique lies in its ability to 
measure changes in the volume of hair tresses subjected to chemical or physical treatment 
intended to reshape hair. Utilizing this approach, a hair tress may be positioned on the 
platform of the translation stage and a surface plot corresponding to the three-dimensional 
volume occupied by the hair assembly may be constructed. In addition, data are also 
presented in the form of contour plots or cross-sectional representations of the hair tress 
allowing one to view the tress along its primary axis. As an example of the technique 
relevant to reshaping hair, Figure 4 contains images and three-dimensional plots of virgin 
frizzy hair and the same hair that underwent a hair straightening treatment. In both the 
images and the contour plots, it is clearly evident that a reduction in the overall volume of 
the tress occurs due to reduction of frizz. Regardless of the reshaping procedure employed, 
laser stereometry provides a useful modality for monitoring three-dimensional shape 
and volume occupied by a hair fi ber assembly.

SPECTROFLUORESCENCE TECHNIQUES TO CHARACTERIZE BIOCHEMICAL 
CHANGES IN HAIR

Steady-state spectrofl uorescence is a useful tool to monitor the health of biological tissues 
as it can measure the level of tryptophan (Trp), which is representative of protein integrity. 
In addition to Trp fl uorescence, several other fl uorophores are also present in hair and are 
believed to be attributed to kynurenenine, N-formylkynurenine, and 3-hydroxykynurenine, 
which are known metabolic and degradation products of Trp that are affected by environ-
mental stresses normally experienced by hair (15). Nowadays, we are able to construct 
an endogenous fi ngerprint of fl uorescent compounds present in hair by employing a 
range of excitation wavelengths from 270 nm to 450 nm with a resolution of 2 nm. 

Figure 3. Images of hair with various degrees of curvature in the relaxed and fully extended states.
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As a result, we can generate surface plots of fl uorescence emission as a function of excita-
tion and emission wavelengths (excitation–emission matrices). Thus, we are able to 
profi le the levels of various structural molecules in hair before and after exposure to ther-
mal straightening irons as well as to chemical treatments such as permanent waving 
systems or relaxers.

SPECTROFLUORESCENCE BACKGROUND

Previous studies of the intrinsic fl uorescence of hair yielded information about the effects 
of chromophores on the fl uorescent behavior of Trp and its metabolic/degradation prod-
ucts: kynurenenine, N-formylkynurenine, and 3-hydroxykynurenine (15). The effects of 
melanin on the fl uorescence of these molecules can be monitored by comparing highly 
pigmented dark brown hair with nonpigmented Piedmont hair or white hair. Piedmont 
hair contains higher levels of yellow pigmentation than pure white hair. Gray hair may 
also contain yellowish coloration, presumably present due to exposure to ultraviolet (UV) 
radiation, which is believed to be attributed to higher levels of 3-hydroxykynurenine 
(16). In general, hair containing greater quantities of melanin has much lower emission 
characteristics, most likely because more light absorbed by melanin will result in less 
light available to interact with Trp and other fl uorophores. Further, Trp fl uorescence is 
highly dependent on the moisture content of hair, with greater Trp fl uorescence occuring 

Figure 4. Images and three-dimensional plots of (A and C) virgin frizzy hair and the same hair that under-
went a hair straightening treatment (B and D).
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at higher levels of hydration (15). Trp fl uorescence is known to be extremely sensitive to 
its immediate environment, and may increase or decrease depending on the mobility of 
the Trp residues. One may even observe an increase in Trp fl uorescence when hair is sub-
jected to damaging treatments such as permanent waving due to the cleavage of disulfi de 
bonds. Although one may expect less Trp to be present after such a damaging treatment, 
such an effect may be explained by an increase in the mobility of Trp residues in the pro-
tein in the absence of disulfi de bonds (17).

In hair, we observe several distinguishable fl uorescence peaks when examining the spec-
trofl uorescence excitation–emission matrices. Trp is the most familiar with an excitation 
wavelength of 290 nm and an emission maximum between 335 and 345 nm, depending 
on the degree of pigmentation—the greater the pigmentation, the longer the wavelength 
of the peak maximum. In previous studies, we identifi ed several emission peaks in the 
UVA–visible region that could be attributed to Trp metabolic/degradation products, in-
cluding N-formylkynurenine, kynurenine, and 3-hydroxykynurenine (15). Figures 5 and 6 
provide excitation–emission matrices for dark brown and Piedmont (white) hair. The 
difference in melanin content between these two samples greatly affects the spectrofl uo-
rescence thumbprint. In dark brown hair, the Trp peak (Iex = 290 nm, Iem = 343 nm) 
appears as a minor constituent next to the large conglomerate of the kynurenines (Iex = 
366 nm, Iem = 433 nm). Such a greater fl uorescence emission in the case of the kynuren-
ines may be attributed to either higher concentration of these fl uorophores or less quench-
ing by melanin (as compared to Trp where melanin absorption is greater). In the case of 
Piedmont hair (Figure 6), the Trp peak appears to be barely present (Iex = 292 nm, Iem = 
337 nm) due to its miniscule emission relative to the kynurenines (Iex = 378 nm, Iem = 
448 nm). More than likely, this is an optical effect in which case less melanin allows much 
greater fl uorescence for all fl uorophores in the tissue. Melanin has a monotonically de-
creasing absorption spectrum when going from shorter to longer wavelengths. Contrary 
to intuition, it appears to infl uence the fl uorescence of the kynurenines to a greater extent 
than Trp.

In the sections below, we compare peak intensities for Trp and the kynurenines from vir-
gin hair with those of hair subjected to damaging treatments. We report the intensity of 
Trp, the kynurenines, and a degradation product of the kynurenines (I509). We also exam-
ine the ratio of these peaks to better understand the effects of these treatments on protein 
degradation.

Figure 5. Spectrofl uorescence excitation-emission matrix of dark brown hair.
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THERMAL DEGRADATION OF HAIR

Frequently, hair is exposed to thermal treatments to provide a desired hair set or style. In 
previous studies, we found that hair experiences surface (cuticular) and internal (cortical) 
damage as a result of thermal treatment (7). Hair also undergoes color changes on expo-
sure to heat. This is clearly evident in the photograph of Piedmont hair shown in Figure 
7, where one can visually observe the region of the tress where the hot iron treatment was 
administered, resulting in the formation of a dark yellow hue. In the case of dark brown 
hair, we do not observe a visually signifi cant color change, probably because it is masked 
by the absorption of melanin. Thermal treatment was administered for 1 min of 

Figure 6. Spectrofl uorescence excitation-emission matrix of Piedmont hair.

Figure 7. Photographs of thermally exposed Piedmont and dark brown hair.
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continuous treatment. For this particular hot iron application, such a length of treatment 
might be considered extensive. However, this time scale was meant to be representative 
of cumulative treatments (i.e., a summation of a series of short treatment protocols) pro-
viding an overall equivalent treatment time to the continuous treatment. In fact, previ-
ous studies show that cumulative treatment is actually more damaging than continuous 
treatment (7).

Data extracted from the excitation–emission matrices for thermally treated Piedmont 
and dark brown hair are provided in Table I. For dark brown hair, we observe a decrease 
in the residual Trp levels while the IKyn and I509 bands are statistically similar when com-
paring the thermally exposed region of the tress with the unexposed portion. The calcu-
lated peak ratios reveal the same information. In Piedmont hair, thermal exposure results 
in Trp loss, degradation of kynurenines, and an increase in the intensity at I509. As ex-
pected, the ratio, ITrp/IKyn, decreases in thermally exposed hair as compared to the unex-
posed region of the tress. In contrast, there is an increase in I509/IKyn in thermally exposed 
Piedmont hair. We suspect that the observed increase in this ratio is due to the formation 
of yellow coloration in thermally exposed hair.

HAIR STRAIGHTENING

The peak intensities and ratios for chemically relaxed hair are provided in Table II. As a 
result of the relaxer treatment, Trp fl uorescence decreases for both dark brown and Pied-
mont hair (compared to untreated readings in Table I). In contrast, the signal for IKyn is 
essentially the same as for untreated hair in both dark brown and Piedmont hair. Al-
though Trp degradation to kynurenines may occur—which would lead one to expect an 
increase in IKyn—the kynurenines themselves may be degraded by the relaxer treatment. 
In the case of the peak at the highest excitation wavelength employed, resulting in emis-
sion at I509, relaxer treatment results in a large decrease in peak intensity for Piedmont 
hair and no change for dark brown hair. This effect may be more pronounced for Piedmont 
hair since its fl uorescence in this region is much more discernible. The peak ratios are also 
provided in Table II, which correspond with the peak intensity observations.

INFRARED SPECTROSCOPIC IMAGING TO MONITOR LIPID DISTRIBUTION 
AND PROTEIN CONFORMATION IN HAIR

Infrared (IR) spectroscopy is an indispensable tool for the study of biological samples due 
to the inherent chemical specifi city of vibrational frequencies in the IR spectrum. By 
coupling an FT-IR spectrometer with a microscope, one may perform FT-IR spectro-
scopic imaging, which allows for the measurement of the chemical environment of a 
specifi c area of a specimen. In this way, we can spatially resolve molecular structure infor-
mation. In essence, a two-dimensional matrix, composed of pixels, contains an IR spec-
trum in each pixel. This allows us to generate FT-IR images corresponding to a chosen 
vibration frequency of interest.

In the past two decades, FT-IR spectroscopic imaging has transformed into a powerful 
biophysical approach to study various types of biological tissues (18–21). The spatially 
resolved spectroscopic images generated from this technique provide a histological map 
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of the endogenous biochemical components (proteins, lipids, DNA, etc.) within a tis-
sue section without the use of stains or probes. In addition, the vast amount of data 
inherent in spectral imaging permit sophisticated multivariate analyses such as cluster, 
principal component, and factor analyses, which enhance the ability to detect altered 
spatial regions in a heterogeneous sample. Combining univariate analysis and multi-
variate techniques provides a unique spectral-structure correlated characterization of 
biological samples.

It has been known for some time that traditional FT-IR spectroscopy is a useful tool for 
quantifying oxidative damage in hair (22). More recently, FT-IR spectroscopic imaging 
has been very effective at examining the spatial distribution of specifi c biological mole-
cules in hair on the morphological level (23–25). In this section, we demonstrate the 
ability of these techniques to generate spatially resolved images of hair chemistry, anat-
omy, protein distribution, and protein secondary structure information. It can also be 
employed to map lipid distribution and the conformation in hair.

INTERPRETATION OF SPATIALLY RESOLVED FT-IR SPECTRAL IMAGES

Utilizing cross sections of human hair, one can map and monitor protein conformation 
in the morphological sections of the fi ber. Figure 8A contains an optical micrograph of 
several hair fi ber cross sections, which were subject to FT-IR spectroscopic imaging. 
The FT-IR image in Figure 8B was generated by extracting the waveband intensity 
information from FT-IR spectra (from each pixel in the matrix) at 1650 cm-1, which 
approximates the amide I band corresponding to the protein backbone and identifi es 
the type of secondary structure (see paragraph below with reference to the band at 
1652 cm-1). In one of the hair fi ber cross sections in that image (upper right side), three 
white pixels are provided as indicators where the spectra shown in Figures 9A, 9B, and 
10 were obtained. In Figure 9A, Amide I and II bands are clearly evident in the three 
major morphological components. These bands, which arise between 1480 and 1750 cm-1, 
correspond to molecular vibrations in the backbone of keratin protein and are indica-
tors of the secondary structure, whether it be alpha helix or beta sheet, or random coil 
(26). In the cortex and medulla, both peaks are sharp and their position is indicative 
of alpha-helical conformation. On the other hand, spectra from the cuticle are much 
broader and point to a greater presence of beta sheets in its structure. Figure 9B con-
tains spectra obtained at 2800–3700 cm-1 and correspond to symmetric (2850 cm-1) and 
asymmetric (2924 cm-1) C–H stretching in the methylene groups of lipids. Another 
band at 2960 cm-1 is due to C–H stretching in methyl groups of proteins. By taking the 
peak area ratio of 2850 to 2960 cm-1, we can determine a relative level of lipids in the 
hair cross sections.

Table II
Peak Intensity Values and Pertinent Peak Ratios for Dark Brown and Piedmont Hair Exposed to Chemical 
Relaxer Treatment. Compare These Data with the Untreated Values (Dark brown and Piedmont) in Table I

ITrp IKyn I509 ITrp/IKyn I509/IKyn

Dark brown-relaxer 19,150 ± 636 108,000 ± 2,828 26,650 ± 1,061 0.177 ± 0.001 0.247 ± 0.003

Piedmont-relaxer 26,150 ± 1,485 2,155,000 ± 35,355 728,700 ± 28,284 0.012 ± 0.000 0.672 ± 0.002
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By conducting second derivative order analysis of the spectra in Figure 9A (see Figure 
10), it is much easier to resolve other bands in the amide region to gain further insight 
into the secondary structure of the protein. Amide I and II bands at 1652 and 1548 cm-1 
correspond to the presence of alpha keratin while amide I bands at 1630 and 1695 cm-1 
and an amide II band at 1516 cm-1 suggest antiparallel beta sheet conformation (20,27). 
Many of the investigated treatments result in the conversion of alpha keratin to beta 
keratin, which can be in the parallel or antiparallel conformation. On the basis of this 
data, one may generate FT-IR images where the intensity ratio of 1516 cm-1 to 1548 cm-1 
is representative of beta sheet conformation relative to alpha-helical structure. Thus, 
in the image shown in Figure 10 each pixel represents this ratio and higher levels of beta 
sheet conformation correspond to brighter colors (red/orange) in the image while darker 
colors (bluish) indicate lower levels of beta sheets (higher alpha keratin). As illustrated 
in the fi gure, the proteins of the cuticle tend to be predominantly in the beta sheet 
conformation, whereas the cortex and medulla are dominated by proteins with alpha-
helical structure.

Figure 8. (A) Optical micrograph and (B) FT-IR spectroscopic image of cross sections of dark brown hair. 
The calibration bar in (A) is equivalent to 20 µm. Spectra for the three white pixels—corresponding to cu-
ticle, cortex, and medulla—in the cross section in the upper right corner of the (B) FT-IR image are shown 
in Figures 5 and 6. Originally published in Reference 25. Reprinted with permission of the Society of Photo 
Optical Instrumentation Engineers, Copyright 2011.
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MONITORING PROTEIN CONFORMATION IN THERMALLY EXPOSED HAIR

Thermal exposure of hair results in surface and internal damage to its structure. This is 
not surprising since many commercially available thermal styling devices can reach tem-
peratures as high as 230°C, well beyond the denaturation temperature of alpha keratin 
and reaching its melting point. Not surprisingly, and based on the discussion in the pre-
vious section, FT-IR spectroscopic imaging is perfectly suited for studying changes in 
protein conformation brought about by thermal treatments. A detailed look at hair fi ber cross 
sections exposed to a fl at iron at a temperature of 230°C for 12 min is provided in Figure 11 
(Please note that this was a treatment regimen consisting of 12 s per pass with the 
fl at iron on a hair tress for a total cumulative treatment time of 12 min). This FT-IR 
spatially resolved spectroscopic image was generated by taking the peak intensity ratio of 
spectroscopic bands at 1516 cm-1 to 1548 cm-1. (The reader should note that the second 
derivative curves are used to identify the peak positions; however, intensity ratios are taken 
from the original spectra.) Hence, the resulting FT-IR image provides a measure of the 
level of beta keratin present in the specimen (with blue corresponding to low levels and 

Figure 9. Infrared spectra for the white pixel regions in Figure 8B sampled from the cuticle, cortex, and 
medulla. (A) Spectra in the 1000–1800 cm-1 region of the infrared spectrum corresponding to amide I (1652 cm-1) 
and II (1648 cm-1) bands. (B) Spectra in the 2800–3700 cm-1 region of the infrared spectrum illustrating the 
symmetric (2850 cm-1) and asymmetric (2924 cm-1) stretching of C–H bonds in the lipid methylene groups 
and C–H bonds in lipid methyl groups (2960 cm-1). The peak at 3300 cm-1 in (B) is assigned to N–H stretch-
ing in protein. See text for further explanation. Originally published in Reference 25. Reprinted with per-
mission of the Society of Photo Optical Instrumentation Engineers, Copyright 2011.
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red/orange/yellow to higher levels). In virgin hair, as already noted in the section above, 
we fi nd greater quantities of proteins in the beta conformation in the cuticular region than 
in the cortex or medulla. However, after exposure to elevated temperatures the amount 
beta keratin increases signifi cantly in the cortex as evidenced by the decrease in dark blue 
color in this region. Such a result is in accordance with thermal degradation studies of 
hair by dynamic scanning calorimetry (DSC) (28,29). We observe similar effects when 
hair is treated with alkaline solution (0.1% NaOH), which is comparable to exposure 
experienced by the consumer during hair relaxer treatment.

RAMAN SPECTROSCOPIC IMAGING TO MEASURE LIPID CONFORMATION AND 
ORDER AND DISULFIDE BOND DISTRIBUTION

Raman confocal imaging is a complementary spectroscopic technique to FT-IR spectros-
copy and can provide additional information about the molecular structure and chemistry 
of the hair fi ber. It has much greater spatial resolution than FT-IR imaging, and with 
confocal capabilities can noninvasively (does not require physical sectioning) generate 
information about the external and internal morphological components of the fi ber. Typ-
ically, Raman confocal imaging operates in two distinct data collection modes: X-Y lateral 
sectioning (surface scan) or X-Z cross sectioning (depth profi ling). In the surface scan mode, 
one can generate a matrix of spectra (similar to FT-IR imaging) that corresponds to a se-
lected plane in the sample. Depth profi ling, on the other hand, refers to collection of spectra 
along a Z-line at various depths in the tissue. In either case, the sample is irradiated with a 
laser (e.g., 785 nm) and the resulting Raman spectra are recorded utilizing a Raman spec-
trometer coupled with a confocal microscope. Like IR, Raman spectroscopy provides 

Figure 10. Spectra in the amide region of the infrared spectrum for the cuticle and cortex indicative of alpha 
(1548 and 1652 cm-1) and beta (1516, 1630, and 1695 cm-1) conformation of hair proteins. See text for peak 
assignments. Also, an accompanying FT-IR image based on the peak intensity ratio of 1516 to 1548 cm-1 
obtained from the spectra, illustrating the level of beta sheet present in the cross sections. Higher levels of 
beta sheet are found in the cuticular region of hair. Originally published in Reference 25. Reprinted with 
permission of the Society of Photo Optical Instrumentation Engineers, Copyright 2011.
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molecular vibrational information about the sample. However, Raman information is based 
on scattering (rather than absorption) and often contains more detailed information (less 
broad peaks) allowing for better discrimination between constituents in the sample.

ASSIGNMENT OF BANDS IN RAMAN SPECTRA OF HAIR

Figure 12 contains a series of Raman spectra that were obtained in depth profi ling mode 
(2 µm steps) for a human hair fi ber beginning at the surface (lowermost spectra) and end-
ing in the interior of the fi ber (uppermost spectra). One should bear in mind that this 
type of analysis is limited to nonpigmented hair fi bers as melanin absorbs incoming laser 
light and interferes with Raman emission. Regardless, examples of spectra obtained from 
two Raman regions, 400 to 1750 cm-1 and 2800 to 3020 cm-1, are shown in Figure 8. Going 
from the hair surface to the medulla (see Figures 12A and 12B) the bands at 1080, 1125, 
1295, 2848, and 2878 cm-1 increase in intensity indicating higher levels of lipid in the 
interior of the fi ber. The bands at 1295, 2848, and 2878 cm-1 are a result of C–H twist-
ing, symmetric stretching, and asymmetric stretching vibrations of lipid methylene 
groups, respectively. The band at 2934 cm-1 is assigned to C–H symmetric stretching in 
pendant methyl groups in proteins (i.e., amino acid side chains). Taking the peak intensity 
ratio of the bands at 2848–2934 cm-1 allows for the calculation of the level of lipid rela-
tive to protein present in the sample. The bands at 1080 and 1125 cm-1 are due to C–C 
skeletal stretching in lipids. The peak intensity ratio of 1125 to 1080 cm-1 provides an 
indicator of lipid conformation order in the sample.

For better illustration, Figure 12C contains three spectra obtained from various depths 
within the fi ber (cuticle, cortex, and medulla) in the 1200–1750 cm-1 region. An amide 

Figure 11. FT-IR image and representative spectra illustrating beta sheet distribution in virgin and thermally 
treated hair. The FTIR image was generated from the peak intensity ratio of 1516 to 1548 cm-1 obtained from 
the spectra gathered for each pixel. The representative spectra were obtained from European dark brown hair.
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I band is present in the 1500–1720 cm-1 region and its frequency depends on the type of 
protein secondary structure. The band at 1668 cm-1 corresponds to beta sheet conformation. 
The width of this peak varies with depth in the fi ber, being broader in the cuticle and 
sharper in the cortex. The band at 1685 cm-1 is associated with disordered protein structure.

The level of disulfi de bonds can be monitored utilizing the peak data of the band at 509 cm-1, 
which is due to S–S stretching. The relative amount of disulfi de bond is calculated by 
taking the peak area ratio of 509 to 1448 cm-1 (due to C–H scissoring in CH2 and CH3 
moieties) (25).

MONITORING THERMAL DAMAGE IN HAIR WITH RAMAN CONFOCAL IMAGING

Similar to FT-IR spectroscopic imaging, one may generate distribution maps of specifi c 
molecular species in a specimen with Raman confocal imaging. In addition to follow-
ing changes in protein structure, the level of lipids and their degree of order can be 

Figure 12. Raman spectra of untreated non-pigmented white hair. Spectra in (A) and (B) were obtained by 
depth profi ling beginning at the surface of hair with the lower most spectrum and ending in the interior of 
the fi ber with the uppermost spectrum. See text for peak assignments. The three spectra in (C) were obtained 
at various depths in the fi ber and demonstrate a change in the shape of the amide band at 1668 cm-1 indicative 
of higher levels of beta conformation in the cuticular region. Originally published in Reference 25. 
Reprinted with permission of the Society of Photo Optical Instrumentation Engineers, Copyright 2011.
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monitored. As an example of changes in hair as a result of treatment with a hot iron 
(230°C, 12 min; see explanation above for treatment protocol), Figure 13 contains 
Raman spectra for virgin and thermally treated hair. Immediately evident from the spec-
tra is the decrease in intensity of the peak at 509 cm-1 corresponding to S–S stretching 
and the development (or an increase) of a peak at 487 cm-1. This second peak (487 cm-1) 
is believed to arise from an isomeric form of the S–S bond (30). It is likely that thermal 
treatment could result in transformation to other conformers of S–S, which could be 
associated with changes in the overall three-dimensional structure of the protein.

To gain a better perspective on the distribution of disulfi de bonds in a cross section of 
hair, Figure 13 contains two depth profi ling Raman images for virgin versus thermally 
treated hair from the exterior (0 µm) of the fi ber to its interior (40 µm). These images 
were generated by taking the ratio of peak area at 509 cm-1 to 1004 cm-1 corresponding 
to phenylalanine present in the protein. On inspection of the images, it is immedi-
ately evident that virgin hair contains more disulfi de bonds than thermally treated 
hair. Interestingly, we can see a distribution within virgin hair itself where the great-
est amount of disulfi de bonds is in the cuticle region (0–5 µm). It should be noted 
that in these experiments we do not obtain accurate readings from the other side of the 
fi ber (>40 µm) due to signal decay with the laser. In addition to following the level of 
disulfi de bonds, we can also look at the newly formed isomeric species by taking the ratio 
of the band at 487 cm-1 to the phenylalanine band (1004 cm-1). Not surprisingly, the level 
of this species in virgin hair is extremely low (see Figure 13). In thermally treated hair, 
it appears that there are greater quantities in the internal portion (cortex) of the fi ber 
and less present in the cuticle. Although this is in contrast with what one might expect, 

Figure 13. Raman spectra of virgin and thermally treated hair containing a normal S–S stretching band 
(509 cm-1) and a possible isomer of S–S (487 cm-1) resulting from thermal exposure. Raman depth profi ling 
images provide spatial distribution maps of the natural S–S conformation and its damage-induced conformer 
in healthy and thermally treated hair. Images were normalized by taking the ratio of these bands to a protein 
phenylalanine band at 1004 cm-1.

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



HAIR SHAPE AND DAMAGE FROM RE-SHAPING HAIR 397

since the cuticle is the outermost structure of hair in contact with the hot iron, the cuticle 
cells may be more protected than the internal amorphous matrix. In unpublished studies, 
we examined cross sections of hair with scanning electron microscopy and found that 
while the cuticles appeared to have normal, healthy morphology, the cortical region con-
tained numerous cavities where tissue was incinerated (see Figure 14). This leads us to 
believe that cuticle cells, protected by the highly cross-linked A-layer and exocuticle, are 
less prone to thermal damage than cortical cells residing in the interior of the fi ber.

INFRARED THERMOGRAPHY TO IMAGE WATER IN THERMALLY TREATED 
HAIR

Infrared thermography (IRT) uses thermal imaging cameras that detect emitted radiation 
in the IR region of the electromagnetic spectrum. The usefulness of IRT in quantifying surface 
heat depends on the quasi-relationship between the emitted IR radiation (λ=3–15 cm-1) 
and the magnitude of the surface temperature. Subsequently produced digital images, or 
thermograms, consist of two-dimensional image grids with temperature measurements 
plotted on a third axis using a relative color image scale.

BLACK BODY RADIATORS AND THE EMISSIVITY OF HUMAN HAIR

The Stefan–Boltzmann law (Q = εσT4) relates the maximum achievable emissive radia-
tion across all wavelengths, Q, to the fourth power of the absolute surface temperature, T, 
of a material, where σ is the Stefan–Boltzmann proportionality constant. For a solid black 
body radiator, Q reaches its maximum because the emissivity (ε) equals unity. The emis-
sivity, which is a measure of the quantity of radiation a material emits from its surface 
relative to a black body, ranges from 0 to 1, where higher magnitudes are indicative of 

Figure 14. SEM micrograph of hair exposed to a curling iron at 230°C for 5 seconds illustrating the delete-
rious effects to the internal morphological components of hair.
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more effi cient radiators. For example, if you place a planar thermocouple on the surface of 
a sweltering asphalt tarmac (ε = 0.93) in mid-summer and then compare the reading to 
the radiative energy emitted across all emitted wavelengths, Q would virtually correlate 
with the fourth power of the measured absolute surface temperature of the solid. The hu-
man body is nearly a black body radiator, wherein the ε of water is 0.96–0.98, and the 
ε for human hair is 0.91 (31,32).

EFFECT OF FLAT-IRONING ON THE RADIATIVE PROPERTIES OF HUMAN HAIR

To gauge the impact of thermal insult on the radiative decay properties of human hair, a 
virgin hair tress, and an excessively fl at-ironed hair tress (175°C, 0.6 in/min root-to-tip 
sweeps for 5 min) were simultaneously evaluated after exposure to a convective heat 
source. After a full day of equilibration at ambient conditions (32–35% RH; 20–22°C), 
to facilitate proper equilibration with ambient water vapor, the extended tresses were 
exposed to a portable space heater (75°C) that was positioned behind the tresses and pow-
ered on high for 5 min. The heater was then rapidly removed and an IR camera was used 
to immediately monitor the radiative emission of heat from the tresses as they cooled 

Figure 15. Series of thermal images indicating the kinetics of radiative heat dissipation. The tresses were 
equilibrated at 32–35 %RH for 24 hours prior to exposing to a 75°C convective heat source. Each image 
shows the states of the virgin (left) and hot fl at-ironed virgin (right) European dark brown tresses. Images 
were logged every 10 s, starting at the 5 s mark, and clearly displays the decay of the virgin tress is slower 
than that of the thermally styled tress.
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from approximately 70°C to ambient. Figure 15 captures the thermal decay as a series of 
sequential thermograms and clearly suggests that the virgin tress (left tress) cools to room 
temperature more slowly than the previously fl at-ironed tress (right tress). Chemical 
changes that may be tied to the radiative differences are the formation of diisopeptide 
(amide) or lanthionine cross-links, where diisopeptide cross-linking has been reported to 
occur at approximately 165°C in keratin (33). Extensive amide cross-linking, via reac-
tions between lysine and glutamic/aspartic acid (or their amides) may lead to a reduction 
in swell volume, thereby limiting the maximum water regain of thermally damaged fi -
bers (29). Hence, one possible explanation for differences in the radiative decay rates for 
virgin and thermally damaged hair is that excessive thermal treatments rework the core 
fi ber structure and, subsequently, the kinetics of the essential water-binding, hydrogen 
bonding, and thermal capacity systems of the hair.

DYNAMIC SCANNING CALORIMETRY TO MONITOR PROTEIN CHANGES IN 
THE AMORPHOUS AND CRYSTALLINE REGIONS OF HAIR

DSC facilitates an understanding of the physicochemical states of the crystalline interme-
diate fi laments (IFs) and the amorphous matrix, or IF-associated proteins (IFAPs). In a 
DSC experiment, the infl uence of thermal energy on phase transitions, such as melting 
(Tm) or glass transition (Tg) events, is recorded as a function of applied temperature. 
Heating or cooling characteristic materials facilitates measurable variations in heat capac-
ity (Cp), where ΔCp may be monitored by recording excess, or differential, heat fl ow as a 
sample undergoes a phase, physical, or chemical transition. Depending on the thermal 
event, excess heat fl ows to the sample (endothermic), or from the sample (exothermic), 
relative to the empty sample pan. For example, glass transition (Tg) and melting (Tm) 
events are endothermic, whereas crystallization processes are exothermic.

EFFECT OF THERMAL STYLING ON THE DENATURATION TEMPERATURE OF THE IFS

Conveying excessive styling heat to a hair fi ber aggravates the natural organizational 
structure of the cortex as thermally induced alterations in IFs-IFAPs covalent bonding 
and/or IFAPs cross-link density decrease the degree of alpha keratin crystallinity (34,35). 
The denaturation temperature (TD) describes the thermal stability, and the position of TD 
on the temperature scale is kinetically controlled by the cystine-based cross-link density 
and viscosity of the non-helical amorphous matrix (36). Further, the thermal energy, or 
enthalpy (ΔHD), needed to unfold or denature the helix correlates with the structural ri-
gidity of the alpha helices bound within the IFs (37). Physically speaking, DSC thermo-
grams describe the denaturation of the secondary alpha-helical structure to random coils 
and beta domains via trends in the magnitudes of the endothermic denaturation tem-
perature and enthalpy transitions.

HIGH-PRESSURE DSC ANALYSIS OF HAIR

In dry DSC methodology, hair is carefully cut into 1–2 mm pieces and then charged into 
“pinholed” aluminum DSC pans. During the experiment, water is evolved from the pan 
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as samples are heated to decomposition. Unfortunately, overlapping protein denatur-
ation (TD) and decomposition endotherms confound the results. The issue is overcome by 
presoaking the fi ber snippets in water and subsequently charging into sealed stainless 
steel, high-pressure DSC capsules. By exploiting the water-plasticization behavior of the 
matrix, which shifts the hair denaturation peak from 230–250°C to 120–150°C, the TD 
and pyrolysis events are opportunely resolved. More importantly, the area of ΔHD is unaf-
fected by prehydration, meaning that the extent of crystallinity is measurable since the 
helical structures are not tainted by excess water.

EFFECT OF THERMAL HISTORY ON THE EXTENT OF ALPHA KERATIN CRYSTALLINITY

As indicated in the trends in ΔHD and TD in the thermogram in Figure 16, the process 
of high-temperature fl at ironing (232°C) affects the stability of the IFs. Diminishing 
magnitudes of ΔHD, which is defi ned by the area of the endothermic DSC peak, result 
from prior exposure of the hair tress to the rigors of hot fl at ironing. Changes in the de-
naturation enthalpy reveal that excessive temperatures infl uence the viscoelasticity of the 
amorphous matrix and subsequently destabilize the embedded alpha helices. In addition, 

Figure 16. Overlay of HPDSC thermograms for virgin, thermally styled virgin, polymer-treated virgin, and 
thermally styled and polymer-treated virgin European dark brown hair assemblies. The top curve (open red 
squares) shows a very faint endothermic peak at ~115°C, whereas the untreated virgin sample (red circles) 
displays a characteristically sharp endotherm at 140°C. The bottom curves show the results of polymer-
treated fi bers, demonstrating that the protective polymer appears to preserve the endotherm for the heat-
treated fi bers (open black squares). The individual endotherms have been offset on the ordinate axis for 
visual clarity.
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the diminution in TD, which is marked by a shift to the left on the abscissa, is related to 
a decrease in the matrix cross-link density and/or scission of the nonhelical terminal do-
mains of the IFs—where one functional culprit is an increase in the number of thermally 
induced disulfi de bond scissions (35,38).

Figure 16 portrays a high-pressure DSC (HPDSC) overlay data for virgin, fl at-ironed 
virgin, polymer-treated virgin, and polymer-treated and fl at-ironed virgin European 
dark brown hair tresses. Relative to the characteristic endotherm for the untreated virgin 
fi bers, the fl at-ironed virgin thermogram demonstrates the deleterious consequences 
of thermal insult on the cortical proteins, wherein the profi les of ΔHD and TD are not 
apparent. Extending the technique to evaluating protective polymer treatments, sam-
ples represented by the bottom two curves were treated analogously, with the exception 
that each was also equivalently treated with poly(methylvinyl ether-alt-maleic anhy-
dride) prior to challenging in HPDSC experiments (4.5 mg polymer/g hair). McMullen 
and Jachowicz had previously concluded that thermally styled fibers treated with 
poly(methylvinyl ether-alt-maleic anhydride) protected hair fi bers against protein 
damage, as evidenced by the attenuation of tryptophan decomposition (39). In contrast 
to the untreated virgin and polymer-treated virgin samples, the fl at-ironed and poly-
mer-treated sample had a substantial ΔHD peak and only a small shift in TD; hence, the 
HPDSC results align with the protein-protective conclusions presented in the earlier 
fl uorescence work.

TENSILE PROPERTIES OF HAIR

The mechanical strength of hair is one of its most important attributes. It describes the 
bending and/or tensile properties of hair, and is important not only for general hair health, 
but also plays a major role in hair’s adaptability to grooming conditions. Hair strength is 
a term often used to describe the health state of hair when exposed to various stresses and 
strains. It can be weakened due to harsh cosmetic treatments, such as permanent waving, 
bleaching, and relaxing as well as exposure to UV radiation and physical insult with ther-
mal styling appliances. Measurement of the tensile strength of hair specifi cally refl ects the 
health state of the hair’s innermost cortical cells that comprise the cortex (40). This is one 
of the most commonly used techniques in industry to assess damage incurred by treat-
ments employed to change the shape of hair as well as protective effects afforded by hair 
protection agents. Therefore, in the remainder of this section, we will review the funda-
mental aspects of techniques to measure tensile properties and examine the infl uence of 
damaging and protective treatments.

MEASUREMENT OF TENSILE STRENGTH

Tensile strength measurements of hair are frequently carried out using an instrument 
equipped with a load cell that is able to monitor stress as a function of strain or vice versa. 
As illustrated in Figure 17, a fi ber is mounted with crimps on both sides, which allows it 
to be grabbed by mechanical or pneumatic clamps. The instrument is programmed to 
deform the fi ber along its longitudinal access by stretching the fi ber at a programmed 
strain rate. Historically, instruments designed by Instron were used to carry out such 
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measurements. Similar studies can be carried out with a Texture Analyzer, manufactured 
by Stable Micro Systems, Ltd. In the late 1980s, Dia-Stron, Ltd., located in the United 
Kingdom, devised an instrument specifi cally designed to measure such properties of hair 
fi bers. This same company has developed more advanced models over the years, which are 
capable of automation, a feature that is extremely useful since at least 100 fi bers should 
be used for each data point to obtain good statistical signifi cance. Moreover, to obtain key 
fi ber properties such as the Young’s modulus, it is necessary to know the cross-sectional 
area of each fi ber. With the latest Dia-Stron instrumentation, such measurements are car-
ried out in conjunction with a laser micrometer that measures the large (Dmax) and small 
(Dmin) axis diameter of elliptically and cylindrically shaped hair fi bers. A common 

Figure 17. Photograph of pneumatic clamps of an Instron tensile tester containing a mounted hair fi ber.
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parameter to characterize the shape of hair fi bers is the Elliptical ratio, which is calculated 
from the diameter measurements:

max

min

D
Elliptical ratio

D    (3)

The cross-sectional area of the fi ber, used to calculate Young’s modulus, is defi ned as the 
product of the radii from the two measurements:

π max min=A r r    (4)

where A is the cross-sectional area of the fi ber and rmax and rmin are the radii of the large 
and small fi ber axes, respectively. After the fi ber diameter is determined, tensile strength 
measurements may be carried out. There are several important parameters one should 
consider when conducting such experiments, such as the rate of strain during load elon-
gation (the speed at which the fi ber is extended), relative humidity, and the length of the 
fi ber. Robbins cites relatively fast strain velocities used in his laboratory (0.05% strain per 
minute), which is extremely useful for carrying out screening studies, while Feughelman 
presents data gathered at really low strain rates (0.01% strain per minute), mostly for 
investigative purposes (41,42). Whichever velocity employed, we should be aware that 
strain rate will affect the magnitude of forces experienced by the fi ber during load elonga-
tion. In addition, humidity will also infl uence the magnitude and shape of the stress–
strain curve. Although most of this information is generally known, it would certainly be 
useful if there were more comprehensive studies on hair fi bers in the literature demon-
strating correlations in stress–strain behavior with these paramount variables carefully 
controlled.

INTERPRETATION OF STRESS–STRAIN CURVES

A typical stress–strain curve is provided in Figure 18 and demonstrates the difference 
in extensibility of the fi ber at two different hydration levels. The plot is characterized 
by three different regions, which are indicated in the fi gure. First, at low strain (or 
low load elongation) the fi ber undergoes a transition in the Hookean region. In this 
portion of the curve, the relationship between stress and strain is linear and one may 
calculate the elastic modulus (also referred to as Young’s modulus) utilizing the follow-
ing equation (41):

g
=

H L
E

A L
   (5)

where H is the Hooken slope (g/cm), g is the gravitational constant (980.6 cm/s2), L is the 
length of the fi ber (cm), ΔL is the extension of the fi ber, and A is the cross-sectional area 
of the fi ber (cm2). Traditionally, elastic moduli used to be reported in units of dynes/cm2; 
however, the more modern practice incorporates the use of the SI system, utilizing units 
of N/m2 or Pa.
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Second, the end of the Hookean region is normally categorized by the Hookean limit, 
indicated by A on the chart. Third, the region between A and B is known as the yield 
region; and the end of the yield region (point B) is the turnover point. Fourth, the region 
bound by points B and C is the post-yield region. Finally, point C represents the force to 
break and the percent extension to break. One may also calculate the post-yield modulus, 
which is the slope of the stress–strain curve in the post-yield region.

As already noted, Figure 18 clearly demonstrates the infl uence of H2O on the tensile 
properties of hair. The stresses in the load-elongation curve for hair containing greater 
amounts of water are much lower than that for a dryer hair sample. This phenomenon is due 
to the disruption by H2O of hydrogen bonds and salt bridges that stabilize the alpha keratin 
structure, making the hair more extensible at lower applied forces. Not surprisingly, 
treatments that infl uence the chemical structure of hair will ultimately lead to greater/
less H2O sorption/desorption, thereby infl uencing the tensile properties of the fi ber. It 
should be noted that in normal hair water can access the amorphous region, but is unable 
to ubiquitously penetrate the crystalline phase alpha keratin in normal, healthy hair.

In an extraordinary text written by Max Feughelman, entitled Mechanical Properties and 
Structure of Alpha-keratin Fibres, many of the fi ne details of wool structure are elucidated 
through interpretation of mechanical testing data (42). Feughelman demonstrates the 
utility of tensile strength studies to go beyond providing a simple measurement of fi ber 
strength. He describes the cortex in terms of a simplifi ed two-phase system—a crystalline 

Figure 18. Illustrative load-elongation curves for dry and wet hair illustrating the different regions: 
Hookean, Yield, and Post-yield region. The end of the Hookean region is indicated by, A, the Hookean 
limit while the end of the Yield region is denoted by B, the Turnover point. The point at which the fi ber 
breaks due to overwhelming strain is delineated by C.
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component composed of IFs embedded in an amorphous matrix of disulfi de-rich globular 
proteins. During the extension of a keratin fi ber, reversible and irreversible changes occur 
throughout the various phases of the stress–strain curve. For example, alpha keratin 
structure is conserved throughout the Hookean region. This means that the fi ber can be 
extended up to the end of the Hookean region without infl icting permanent damage to 
the alpha keratin structure. Once we extend the fi ber beyond the Hookean limit (A), 
conformational changes are introduced and alpha keratin is converted to beta keratin. 
Fortunately, this process is reversible throughout the yield region. Therefore, stretching 
a fi ber up until the turnover point (B) will not lead to permanent changes in the crystal 
structure. It should be noted that approximately 30% of the alpha helix is converted to 
beta sheet in the yield region (42). When the alpha helix opens up, this changes the water 
management properties of hair—now, water can penetrate into the crystalline phase ma-
terial. In the post-yield region, the fi ber stiffens with increasing elongation. It is believed 
that disulfi de cross-linking provides the major opposition force to extension in this re-
gion of the load–elongation curve. By this point, changes in protein secondary structure 
(conversion of alpha keratin to beta keratin) are permanent along with other major irre-
versible changes.

One should also bear in mind that tensile measurements performed on a virgin, undam-
aged fi ber are much different than those completed on hair with a rich history of abuse. 
Further, conducting one load–elongation procedure (through the break point) is distinc-
tive from a series of cycles carried out in the Hookean or yield regions (extension followed 
by returning to the state of origin). Such repetitive insult studies may offer a more realis-
tic approach to mimicking hair’s daily experience with brushing or combing. Alterna-
tives to tensile strength measurements include mechanical fatigue and cyclical extension 
testing, which probably more accurately describe the forces encountered in daily groom-
ing (41,43,44). Moreover, the forces generally encountered in tensile testing can often 
exceed that required to pull a fi ber, including the follicle, from the scalp (45). Neverthe-
less, tensile testing provides us with greatly needed information on the overall physical 
condition of the fi ber.

EFFECT OF DAMAGING TREATMENTS ON HAIR MECHANICAL PROPERTIES

A great deal of work has been conducted on the effects of bleaching and its infl uence on 
the tensile properties of hair. Robbins gives a review of this material where he outlines 
several important concepts (41). Findings suggest that wet tensile strength is more sus-
ceptible to bleaching than dry tensile strength. Bleaching damages disulfi de bonds, con-
verting cystine (disulfi de bonds) to cysteic acid. More than likely, the hair fi ber is more 
accessible by H2O (especially in the matrix), in the absence of disulfi de bonds, thereby 
disrupting hydrogen bonds and making the fi ber more extensible (weaker tensile 
strength). We should also expect that the porous structure of bleached hair, due to de-
composition of surface and internal lipids, might also play a role in facilitating H2O ac-
cess to the interior of the fi ber. Likewise, a considerable amount of work has been 
completed to better understand the mechanical properties of permanently waved hair. 
Similar to the case of bleaching, permanent waving affects the dry tensile properties of 
hair less than the wet tensile properties. During the permanent waving process, disulfi de 
bonds (cystine) in hair are reduced (cleaved), and then reformed by oxidative treatment 
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once the newly desired hair set is incorporated. This is not a high fi delity process, and the 
number of disulfi de bonds reformed in the oxidation step does not reach the original 
number of disulfi de linkages. Therefore, the internal structure of the fi ber has more open 
channels/pathways for the incorporation of H2O. Not surprisingly, wet tensile properties 
decrease after the reduction step and increase following oxidation—further evidence that 
demonstrates the role played by cystine (41). Furthermore, many lipids are also removed 
during permanent waving leading not only to a hair surface that is more porous/hydrophilic, 
but probably also a damaged cell membrane complex in the both the cuticle and cortex. 
The infl uence lipids have on tensile strength is not entirely clear. One study examined 
their effect on dry tensile strength and observed no difference in the tensile properties of 
virgin and solvent extracted hair (46). Unfortunately, these researchers did not conduct 
tensile strength studies in the wet state—information that would be extremely useful in 
light of the current discussion. Studies by Cheng and coworkers compared the effects of 
bleaching, permanent waving, and UV irradiation on tensile strength of hair and con-
cluded that bleaching resulted in the most damage (47). This study compared the break-
ing load for the samples and is summarized in Table III. Such fi ndings, while instructive, 
should be interpreted with caution as treatment protocols and experimental procedures 
may change from laboratory to laboratory. Unfortunately, there are no standard procedures 
for tensile testing—a technique used almost universally in the personal care industry.

Surprisingly, very little literature exists on the topic of tensile strength of hair that has 
undergone alkaline straightening procedures, such as relaxing (48). To achieve such geo-
metrical changes in the shape of the fi ber, hair is usually exposed to very high alkaline 
conditions brought about by treatment with either lye (NaOH) or non-lye (e.g., lithium 
hydroxide, calcium hydroxide) relaxers. In this manner, damage is indiscriminately done 
to both disulfi de and peptide bonds. Unlike disulfi de bonds, which are associated with 
changes in wet tensile strength, peptide bonds are believed to additionally infl uence dry 
tensile properties. With this line of reasoning, one would expect both the dry and wet 
tensile strength to decrease as a result of relaxer treatment (41). Unfortunately, only wet 
tensile data are available for chemically relaxed hair; until further studies are conducted 
we must wait with bated breath for complimentary dry tensile strength data. Table IV 
contains tensile strength data for chemically treated hair; again, providing evidence that 
bleaching results in the largest decrease in tensile strength.

Similar to the case of relaxing, very few studies have examined the effects of thermal treatment 
of hair in relation to its tensile properties (8,49). Contrary to expectations, there is a trend 
showing little change in the dry (65% RH) tensile properties of thermally exposed hair; and 

Table III
Comparison of Different Chemical Treatments and Physical Insults to Hair and Their Infl uence on Tensile 

Properties (47)

Hair sample Breaking load (N)

Untreated 94.13

UV irradiation 76.95 (96 h)

Bleaching 75.22 (12% H2O2)

Permanent waving 89.25 (pH 7)
78.53 (pH 9)
76.28 (pH 10)
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Table IV
Tensile Strength Data for Chemically Treated Hair Measured in the Fully Hydrated State (48)

Hair sample Tensile strength (N·m)/1000)

Untreated 1.21

Hair color (30 vol. developer) 1.14

Acid wave 0.99

Hair relaxer (NaOH) 0.78

Hair relaxer (guanidine) 0.70

Hair bleach (30 vol. developer) 0.48

even a slight increase in some of the tensile parameters. Similar to the case of wool, heat-
ing to elevated temperatures may result in the formation of cross-links within the inter-
nal structure of hair thereby requiring greater forces to extend and break the fi ber (50).

CONCLUDING REMARKS

Chemical and physical treatments intended to change the shape of hair often result in 
changes to fi ber shape, which is often accompanied by damage to structural proteins of 
the fi ber. Photographic imaging techniques in conjunction with image analysis provide 
accurate measurements of fi ber shape as manifested in fi ber alignment and curl. In addi-
tion, using laser stereometry we characterize the three-dimensional structure of the fi ber 
assembly and its occupied volume, allowing for comparison of the initial state with that 
of the reshaped hair. On the other hand, many other tools are available to assist in deter-
mining the location and extent of damage associated with reshaping hair. Spectroscopic 
techniques are the best tools at providing us with real chemical information as to the 
health state of hair. These changes can be probed by monitoring specifi c amino acid resi-
dues utilizing fl uorescence spectroscopy, Raman spectroscopic imaging, or IR spectro-
scopic imaging. As an example, one may monitor tryptophan degradation with 
fl uorescence, or conversion of cystine to cysteic acid residues by IR spectroscopic imag-
ing. In all of the IR imaging data presented, we examined cross sections of hair fi bers, 
providing specifi c chemical information in a spatially resolved manner. All of the spectro-
scopic techniques are advantageous; however, Raman confocal imaging is extremely pow-
erful since it permits us to noninvasively dissect the fi ber providing a z-line (through the 
fi ber cross section) of functional group or secondary structure information. Both spectro-
scopic imaging methods also allow for the determination of beta keratin, and its local-
ization in the morphological components of hair. In this way, we monitored the conversion 
of alpha keratin to beta keratin.

More common techniques to measure hair damage—especially due to perming, straight-
ening, and fl at ironing—include DSC and tensile property measurements. The increased 
utility of these techniques stems from their ease of use and instrument accessibility (e.g., 
budgetary factors). DSC provides us with a quick look at the health state of the crystalline 
(alpha-helical component) and amorphous (the matrix located in cortical cells) regions of 
hair by monitoring ΔHD and TD. Tensile strength measurements, on the other hand, are 
normally used to generate data about the tensile properties of hair. These data are 
typically presented in the form of stress–strain curves that provide a fi ngerprint of the 
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forces encountered when certain components of the crystalline phase are damaged; 
i.e., when alpha keratin is converted to beta keratin (yield region) or disulfi de bonds are 
broken (postyield region).
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