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Synopsis

Colorful patterns of light interference have been observed to occur in human hair cuticle cells. The light
interference phenomenon has been analyzed by optical microscopy. The strong patterns of light interference
appeared only in cuticle cells that had been damaged either mechanically or by thermal stresses. Cuticle cells
that were not damaged did not produce this phenomenon. The zones of light interference on the hair surface
were seen to extend to cuticle sheath areas whose damage was not apparent when analyzed under the
Scanning Electron Microscope. The presence of oils and other hydrophobic materials in the hair had a strong
effect in the appearance or disappearance of the interference patterns. Furthermore, the gradual absorption
and desorption of water by the cuticle cells altered the nominal area of the colorful patterns. This paper will
attempt to explain the light interference phenomenon in the cuticle cells by means of the two fellowing
mechanisms: 1) Variation in the index of refraction of cuticle cell layers due to the appearance and
coalescence of micro-voids which eventually lead to the partial or total separation of cuticle cells; and 2) The
interaction of white light with the micro-voids and de-cemented cuticle cells either by thin film interference
or diffraction.

INTRODUCTION

The role of the cuticle sheath on the hair optical properties is paramount to its cosmetic
appearance (1). For instance, shine in hair is related to the ratio of specular to diffuse
light reflected from the epicuticle surface (2,4). The weak iridescence in hair contributes,
on the other hand, to its natural and healthy appearance and is produced by weak colored
patterns of light interference reflected by the thin film structure of virgin cuticle cells.
Incidentally, it is worth mentioning that the bright color possessed by various insects
and birds arises not from organic pigments but rather by a similar mechanism involving
iridescence (5—8). Many beetles, butterflies, and also the feathers of various birds owe
their bright colors to the phenomenon of iridescence. This phenomenon is produced by
various coherent light scattering mechanisms involving light interference and diffraction
as white light interacts with the ordered micro-structure present in the cell membranes
of feathers and also in the skin of insects.

Color in hair is not due to a phenomenon of iridescence but rather to the interaction of
white light with melanin (1). Melanin acts as a pigment and as it will be discussed later
the strong iridescence patterns appearing on damaged cuticle cells may be rather del-
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Figure 1. Optical micrograph of virgin hair (x450) showing weak colored patterns of iridescence produced
by the cuticle sheath.

eterious than beneficial to the optical properties of hair. The reason is that the colored
patterns are microscopic and incoherent at the macroscopic level and they may act rather
as an incoherent light scattering process. Understanding the phenomenon of light
scattering by the cuticle sheath is, therefore, crucial for modeling and improving the
visual perception of hair (9,10). In fact, it is the cuticle sheath the part of hair that acts
as a gate for the incoming and outgoing light from the hair shaft. Excessive light
scattering from the cuticle cells may impair shine. It can also inhibit the amount and
quality of the incoming white light penetrating into the cortex and also affect the
quality of the outgoing colored light produced within the cortex by the melanin gran-
ules.

In this paper an analysis of the light interference patterns (LIPs) appearing in damaged
cuticle cells will be presented. The analysis will show that the LIPs appearing in
damaged cuticle cells are produced by a combination of two phenomena, namely: thin
film light interference and light diffraction. Both phenomena arise from the damaging
action of mechanical and swelling stresses as they induce micro-structural changes in the
cuticle cell layers, in particular, in the density of the cement layer and endocuticle. The
changes in density appear to be produced by the appearance of numerous micro-voids
that coalesce into larger porous defects creating the conditions for cuticle cell lifting,
thin film interference, and light diffraction.
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Figure 2. Optical micrographs (x350) (2a and 2b) of hair fibers with cuticle cells showing strong patterns
of light interference after subjected to 20 cycles of tension and retraction. Figs. 2c and 2d are SEM
micrographs (x350) showing cuticle lifting and de-cementation of areas shown in Figs. 2a and 2b, respec-
tively. Circles and lines in captions help to identify position of same cuticle cells in both pictures.

EXPERIMENTAL

The hair used in the experiments was Premium Grade Brown Caucasian from Interna-
tional Hair Importers. In order to induce de-cementation and buckling of cuticle cells,
single hair fibers were subjected to 20 cycles of mechanical extension and retraction at
room temperature conditions. Each cycle consisted in applying a tensile deformation of
20% and allowing 1 second for deformation recovery. In all consecutive applied cycles
the percentage of extension didn’t exceed 20% of the original fiber length. In the past
it has already been shown that this type of protocol leads to the production of a large
number of de-cemented cuticle cells (12). After the fibers were damaged they were
analyzed by optical microscopy using a Hi-Scope Advanced KH-3000 from Hirox LTD.
When needed the hair fibers were subjected to cycles of thermal or torsion stresses using
the protocols already described elsewhere (13,14). In order to asses the effect of solvent
penetration on the LIPs various hair fibers, either, before or after mechanical damage
were immersed in water or isopropyl alcohol. Areas of hair fibers presenting LIPs were
also analyzed by SEM.

RESULTS AND DISCUSSION
MAIN CHARACTERISTICS OF LIGHT INTERFERENCE PATTERNS

Before making a detailed description of the results it should be mentioned here that the
strong LIPs were only observed on hair fibers subjected to damage. Virgin undamaged
hair fibers were always absent of strong LIPs and instead they showed weak colored
patterns of iridescence (see Figure 1). As it will be discussed later the strong LIPs
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Figure 3. Optical micrographs (x370) of hair fibers showing strong patterns of light interference after the
application of cyclical tension stresses.

observed in damaged cuticle cells is considered to be a distortion of the natural iridescent
patterns in virgin cuticles cells. Figures 2a and 2b show typical examples of strong
patterns of light interference produced by damaged cuticle cells. In Figures 2¢ and 2d
are shown SEM micrographs of the same areas and it can be observed that the cuticle
cells have undergone de-cementation and buckling after the application of cyclical
€Xtension Stresses.

The most salient features in the LIPs were their colors and shapes. Commonly observed
colors were blue, green, magenta, red, yellow, and white. Most frequently the colors
appeared in lines, either, very thin or wide, whose shape was either hyperbolic or straight
(see Figures 3a and 3b). Other colored patterns that appeared in the form of localized
dots (see Figures 4a and 4b), clusters of colored dots, and as narrow and long channels
were also observed (see Figure 5). Most of these punctual patterns were produced after
the hair was subjected, either, to cyclical thermal stresses of wetting and blow drying or
to torsion (12—13). It was observed that many of the dot-like patterns tended to dis-
appear after the hair was soaked in water for 5 minutes, however, after the fiber was
soaked in IPA for 3 minutes the colored dot patterns reappeared again. In many cases
similar punctual patterns were observed in hair fibers obtained from common individu-
als after the fibers were immersed in IPA for 1 or 2 minutes.

In general, the color and shape of the LIPs were dependent on the form in which the
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Figure 4. Optical (4a) and SEM (4b) micrographs (x370) showing details of dot like patterns appearing in
cuticle cells after drying the hair fiber with a hot iron surface at T = 90 C for 5 minutes. Lines and circles
in captions help to identify same cuticle sheath areas in both micrographs.

cuticle cells were damaged. For instance, the LIPs of hyperbolic shape were seen invari-
ably associated to the folding of cuticle cells in buckles. Figures 2a, 2b, 2¢, and 2d show
the juxtaposition of microscopic images displaying the same area of a hair surface with
de-cemented and buckled cuticle cells, one obtained by optical microscopy and the other
by SEM, respectively. In these figures it can be seen that each cuticle cell that appears
folded forming buckles in the SEM micrograph (see Figures 2a and 2b) has a corre-
sponding hyperbolic pattern of light interference in the picture obtained by optical
microscopy (see Figures 2c and 2d).

The hyperbolic LIPs were found to be very sensitive to the application of additional
mechanical or swelling stresses to the cuticle cells. Their color and shape underwent
dramartic changes when their corresponding cuticle cells were further stressed. Figures 6a
and 6b show before and after pictures of a de-cemented and buckled cuticle cell that was
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Figure 5. Optical micrograph (x250) of light interference pattern in channel form produced on hair by
cyclical torsion stresses on a hair fiber using the protocol described elsewhere (13).

further stressed by applying a slight pulling force to bend the cuticle cell. The pulling
force to the cuticle cells was applied by gluing a tape to the hair surface and subsequently
lifting the tape. The adhesion force of the tape was such that it didn’t lead to cuticle
breakage. The main change observed after application of the tape was the color and shape
of the cuticle cell’s LIP that changed from one displaying colored bands hyperbolic in
nature to one of straight colored lines or wide bands (see Figures 6a and 6b).

Figures 7a and 7b show, on the other hand, the effects of isopropyl alcohol on the LIPs
of de-cemented and buckled cuticle cells. These figures show that the color and shape of
the LIPs has changed after the hair fiber was immersed in isopropy! alcohol for 1 minute.
It was also observed that if a de-cemented and buckled cuticle cell was allowed to recover
from its deformed state by immersing it in water its LIP disappeared. It is interesting
to mention here that SEM analysis of cuticle cells recovered in this manner showed them
apparently re-glued again to the hair surface.

However, treatment of water re-glued cuticle cells with IPA caused them to buckle and
lift again. Although, their new deformed shapes differed from those originally formed.
Treatment of hair with IPA can be used, thus, to reveal breakage of cuticular cement that
may have occurred previously and that has been concealed by a water recovery process.
The treatment of virgin hair fibers taken from scalp close to the root with IPA never
caused by itself cuticle cell de-cementation and buckling. The application of oils such as
silicone and esters to de-cemented and buckled cuticle cells didn’t lead to their me-
chanical recovery, but instead it caused the suppression of the LIPs (see Figures 8a and 8b).
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Figure 6. Optical micrographs (x250) of a hair fiber (6a) with light interterence patterns produced by
cyclical tension stresses, and same fiber (6b) after the cuticle cells were further stressed by gluing and

stripping a tape from che surface of the hair fiber.

In some instances there were found cuticle cells that displayed LIPs but when analyzed
by SEM didn’t show any apparent sign of cuticle buckling and de-cementation (see
Figures 9a and 9b). This observation indicates that breakage of cuticle cell cement with
the inclusion of air not always leads to cuticle lifting and that it can also occur at sites
tar from the cuticle cell edges. Thus, when assessing the condition of the cuticle sheath
by SEM, carc should be exercised in the diagnosis, as the cuticle cell may appear by SEM
as absent of damage. Yet when the same cuticle cells are analyzed by optical microscopy

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



276 JOURNAL OF COSMETIC SCIENCE

Figure 7. Optical micrographs (x300) of a hair fiber with de-cemented and lifted cuticle cells showing
patterns of light interference before (7a) and after (7b) immersion in isopropyl alcohol for 1 minute.

they may show LIPs indicating internal de-cementation. The LIPs were also produced by
various cuticle cells stacked together that underwent de-cementation in lumps. In many
cases the extent of cuticle cell separation appeared to be shallow and superficial when
analyzed by SEM, but when analyzed by optical microscopy, the associated pattern of
light interference indicated that the extent of separation was deep inside the cuticle
sheath. ’

MECHANISM FOR THE FORMATION OF LIPS OF LINEAR AND HYPERBOLIC SHAPE

The first issue that will be addressed in this section is the origin of the colored patterns
displayed by the damaged cuticle cells shown in Figures 2a-2d. Incidentally, it was
found that the colored patterns are not caused by stress bi-refringency (14) as they were
observed to occur even without the use of polarizing filters in the microscope. Further-
more, the use of polarizing filters during the analysis didn’t eliminate the colored
patterns at all. Instead, the filters only caused a small attenuation in the colored pattern’s
intensity so the explanation for their formation should be looked elsewhere.

There are many examples of other colored patterns produced by the physical interaction
of light with matter and these can be used as a starting basis for the analysis of LIPs
observed on cuticle cells. For instance, the colors in soap bubbles, in Newton rings, from
oil on the surface of water, from the surface of CDs, in butterfly wings, from the skin
of some beetles, and from some bird feathers, all them are produced by thin film
interference, light diffraction, or by the combination of both mechanisms (15,16). The
cuticle cells in human hair have also the capability of producing colored patterns by thin
film interference in a similar fashion to a soap bubble. This ability stems from the
following facts, namely: 1) The cuticle cells are composed of various transparent layers,
2) They are flat in shape, and 3) Their thickness value is comparable to that of the
wavelength of light.

In fact, the weak iridescence shown in Figure 1 is certainly due to thin film interference
as the light undergoes double reflection from the cuticle cells near the surface of the hair
fiber. These interference patterns are weak and incoherent at the macroscopic level, and
it is probably the reason for their small effect on the overall hair color. This contrasts
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Figure 8. Optical micrographs (x250) of a hair fiber with de-cemented and lifted cuticle cells showing
patterns of light interference before (8a) and after (8b) applying isopropyl myristate to the hair surface with
a micro-pipette.

with the color observed in the feathers of some birds where the phenomenon of light
interference is coherent at the macroscopic level and the color is exclusively due to
iridescence. Yet incoherent but strong patterns of light interference can also be produced
by the cuticle cells. In the following paragraph the conditions [or the formation of strong
patterns of light interference in human hair cuticles will be discussed.

It is a well known fact from the science of Optics (15) that strong patterns of light
interference in thin films occur whenever the film meets the following three conditions,
namely: 1) Its thickness is at least smaller than the wavelength of light of any particular
color, 2) There are large differences in the indexes of refraction between (a): the media
sustaining the incoming light and film material, and (b): between the indexes of re-
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Figure 9. Optical micrograph (Va) (x270) with cuticle cells showing patterns of light interference at cheir
edges. Fig. 9b shows an SEM micrograph of same hair fiber showing that cuticle cell edges are apparencly
glued to the bottom cuticle. Circles and lines help to identity same cuticle cells in both pictures.

fraction of the film material and the substrate beneath the film. If the differences in the
indexes of refraction are small, weak patterns of interference will be produced such as in
the case of virgin and cemented cuticle cells.

The conditions for the formation of strong patterns of light interference in the form of
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Figure 10. Schematic representation of a lifted and de-cemented cuticle cell with its corresponding layers
showing possible paths of light reflection for the creation of thin film interference.

wide or thin hyperbolic bands of color are attained, therefore, when air, as a substance
with a low index of refraction (n = 1), enters into the cuticle cells, either because there
are micro-voids (17) or because the cuticles de-cement and buckle (see Figures 2a—2d).
For instance, when the cement of a cuticle cell breaks entrapping air, the total optical
path of light reflected from the top and bottom of the cuticle cell will change due to the
following factors, namely: (a) changes in the cell thickness due to stress deformation, and
(b) differences in the index of refraction between cuticle cell material and the new air
layer created by de-cementation (see Figure 10).

A virgin cuticle cell will change, thus, the intensity of its pattern of light interference
from weak to strong when its cement breaks and the cuticle cell buckles. For instance,
a de-cemented cuticle cell will have at least a maximum thickness of 0.5 p (1), a value
which is smaller than the largest wavelength of light, i.e. about 0.700 pm. This fact
alone will create the conditions for thin film interference. However, the LIP will become
stronger as the difference in the indexes of refraction between cuticle cell material and
air gap cause an additional increase in the optical path of light (16). Unfortunately, at
this stage of our investigation we cannot offer an approximate value for the index of
refraction of the cuticle cell as a whole or of any of its layers. However, it is believed that
the cuticle cell, like some other membranes (18-19), will have an index of refraction
whose value will be bigger than that of air.

Thus, according to this mechanism, the shape, size, and colors observed in the LIPs of
de-cemented and buckled cuticle cells represent a contour map of the thickness in the
deformed cuticle cells (see Figures 3a and 3b). The process is akin to the phenomenon
of light interference produced by soap bubbles and oil on water where the bands of color
represent changes in film thickness (16). This mechanism also explains why in Figures
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Figure 11. Optical (11a) and SEM (11b) micrographs (x370) showing details of dot like patterns appearing
on portions of cortex devoid of cuticle cells alter their removal by intensive wear.

Sa and 5b the LIPs are sensitive to the further application of mechanical stresses as these
will induce further changes in cuticle cell thickness. Changes in the shape of LIPs shown
in Figures Ga and Gb obtained after the penetration of isopropyl alcohol into the cuticle
cell can also be ascribed to a similar mechanism. Although, in this case one has to
consider changes in the index of refraction of the cuticle cell due to the presence of the
swelling solvent. Isopropyl alcohol is known to penetrate into the hair shaft and cause
dehydration and contraction.
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MECHANISM FOR THE FORMATION OF LIPS APPEARING AS DOTS, AGGLOMERATIONS OF DOTS,
AND AS CHANNELS

The LIPs appearing in the form of microscopic isolated dots, agglomerations of colored
dots, and channels shown in Figures 4a, 4b, and 5, are considered to be caused by the
diffraction of white light interacting with micro-voids and holes appearing in the cuticle
cells as a consequence of the action of damaging stresses. Agglomerations of colored spots
were also observed in randomly tested hair fibers from the naked micro-fibrilar structure
of the cortex in fibers devoid of cuticle sheath (see Figures 11a and 11b).

In most cases the presence of these colored dots in hair fibers became apparent after their
treatment with IPA for 5 or 10 minutes. The colored dots never appeared in virgin hair
fibers and were invariably seen in hair fibers that had undergone either mechanical or
thermal stresses. This observation indicates that during the process of mechanical or
thermal stressing of hair there is a damaging stage at which micro-voids and holes start
to form in the cement layer before the cuticle cells crack and larger portions of cuticle
cell de-cement and buckle. It is also quite possible that these holes form in the endo-
cuticle or in other cuticle cell layers and are, therefore, responsible for the LIPs shown
in Figures 3a and 3b. According to the ongoing arguments the formation of LIPs in the
form of long lines indicates also the presence of micro-voids that coalesce into channels
with high levels of mechanical stresses (see fig. 4).

CONCLUSIONS

An analysis of the patterns of light interference appearing in damaged cuticle cells has
been done and indicates that they may be produced by a phenomenon related to thin
film interference and light diffraction. The patterns of light interference were only
observed in cuticle cells that had been subjected to damaging stresses. Therefore, their
appearance indicates changes in the microscopic structure of the cuticle cell layers.
Further experiments are underway to assess the effect of various actives on the phenom-
enon of light scattering by hair.
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