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Abstract

We report investigations of hair surface potential under wetting at the nanometric scale by atomic force microscopy (AFM).
potential imaging was used to characterize the electrostatic properties of the hair samples. We found that the surface potential
increases along the edges of the cuticles. These results are correlated with wetting behavior of different liquids performed usin
noncontact mode.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hair is a natural fiber of typical diameter 70 µm, wi
an extremely complex structure [1]. The hair surface is c
ered by a layer of intercalated flattened cells, called cutic
resembling the scales of a snake’s skin. The flat regio
the cells is covered by a compact hydrophobic layer, mo
composed of fatty acids; the side of the cells is less
drophobic, and is covered in part by proteins.

In recent years, the structure of human hair has b
widely studied by numerous techniques. Among them
optical microscopy, scanning electron microscopy (SE
transmission electron microscopy (TEM) [2–6], and X-r
microdiffraction [7]. Recently, the growing development
atomic force microscopy (AFM) has facilitated local inve
tigations of hair structure [8–11], especially by providi
more details of the cuticular surfaces [12]. This nondest
tive technique appears to be a useful tool for the study o
surfaces of capillary fibers.

However, the local wetting properties of hair, and m
generally of fibers, have received relatively little attenti
Some experiments have been performed to determine
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contact angle between a fiber and different liquids, but th
measurements remain macroscopic [13–17]. Moreove
appears difficult to correlate the results with the microsco
structure of the sample. The local wetting properties are
pected to be related to the local polarity, another prop
scarcely investigated. A special difficulty comes from
fact that the surface is porous to some liquids: in part
lar, hair swells considerably in the presence of water [18

In this paper, we present an investigation of local w
ting properties and polarity of human hair by atomic fo
microscopy. Surface potential imaging was used to map
local polarity of hair samples. The wetting properties of
samples were investigated using AFM in noncontact m
and using different liquids directly deposited on the hair s
face.

2. Experimental

European brown virgin hair samples were used with
any chemical treatment. Nevertheless, they were wa
with a surfactant solution (20% sodium lauryl ethoxyla
sulfonate) then subsequently rinsed thoroughly with disti
water before use in order to reduce the number of dep
which can be currently found on the cuticles. In this stu
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we limited ourselves to the cleanest hair sections loc
near the root.

Two different atomic force microscopes were used du
these studies. Surface potential experiments were perfo
on a Nanoscope III multimode AFM (Digital Instrument
connected to an extender electronics module, with e
tric force microscopy cantilevers (silicon with a condu
tive coating). The substrates were commercially availa
12-mm-diameter doped silicon wafers (in order to be c
ductive) (Veeco Instruments). The wetting experiments w
performed on a Park M5 AFM (TM microscope, Veeco
struments) using the noncontact mode with silicon tips. T
microscope possesses a large and movable platform w
is very convenient for wetting investigations on bulky su
strates; it increases the investigated area and allows us t
larger samples. The substrates used during these wettin
periments are hydrophilic silicon wafers or glass covers
During surface potential experiments, the hair was gl
to a silicon chip using silver paint in order to ensure go
electrical contact with the scanner. During the wetting
vestigations, either silver glue or two pieces of transpa
tape were used to fix the hair sample to the substrate.

The liquids used to characterize the wetting propertie
the hair were pure Millipore water, alkane (decane, do
cane) from Sigma (99% purity), glycerol (99% purity), s
cone oil (PDMS, polydimethylsiloxane of viscosity 100
from Rhodia), and squalane (2,6,10,15,19,23-hexame
tetracosane, C30H62), a nonpolar branched hydrocarb
(Merck,>99% purity).

Temperature and humidity were controlled during e
experiment. Temperatures were in the range 20–2◦C
(±1◦), while the relative humidity was 40% (±5%).

3. Results

3.1. Surface potential experiments

Two techniques are available to characterize elect
properties of samples using a Nanoscope III AFM conne
to an extender electronics module: electric force microsc
(EFM) and surface potential imaging (SPI). Surface po
tial imaging was selected for this study; this technique
sometimes referred to as Kelvin probe force microsc
(KFM) [19,20]. It maps the local variations of the surfa
potential of the sample.

This technique is based on a two-pass lift-mode meas
ment across each line of scan. Topographical data are t
in tapping mode in the first pass. Then the tip is raised
fixed height for a second scan (a constant separation is m
tained between the tip and the surface using data obta
during the first scan); the mechanical oscillation occurr
in tapping mode is then idle and an adjustable voltage is
plied directly to the tip. During the travel of the tip abo
the hair sample, a difference of potential exists between
tip and the surface, which leads to the appearance of a f
d

e
-

-
n

-

.

To compensate for this force, the voltage of the tip has t
adjusted so that the tip is at the same potential as the
surface [19,20]. The voltage applied to the tip is then use
map the surface potential image. As a result, two image
captured successively for each sample: a topographic im
and either an electric field gradient image or a surface po
tial image. Unless otherwise specified, an electric pote
of 5 V was applied to the tip during all experiments.

Figure 1 shows a topographic image (a) and the co
sponding surface potential image (b) of the same hair reg
Similar images are observed for all the samples investiga
Despite the fact that all the hair samples were taken nea
root end to obtain undamaged scale edges, several of th
ages indeed reveal eroded scale edges (Fig. 1a). The su
potential appears uniform on the cuticle surface, but cle
increases close to the cuticle edges, suggesting that the
gions are more polar. A horizontal section is shown in Fig
and reveals a variation of about 0.7 V between the h
est value measured close to the edge of the cuticle and
measured far from the edge. Many different sections h
been analyzed on different images and the range of po
tial variation between the edge and the center of the cut
is between 0.4 and 0.8 V. To ensure that the measured
ues were not due to artefacts, we varied the tension ap
to the tip. No change was observed on the images and
surface potential differences were found independent o
voltage applied to the tip.

Therefore, we conclude that the edges are more polar
the other exposed parts of the cuticles. These differe
can be related to the molecular structure of the cuticle
is well known that the outer surface of the cuticle cells,
epicuticle, is essentially made of fatty substances (par
larly several fatty acids, among them 18-methyleicosa
acid, stearic acid, palmitic acid, and oleic acid) [21]. On
other hand, the edges are regions where important conce
tions of proteins are observed. Surface potential is a mea
of the density and orientation of molecular dipole mome
(or even possibly ionized protein groups under a water
sorbed layer) and reflects the local polarity of the surfa
The differences revealed here by surface potential ima
are likely due essentially to the more polar environment
ated by proteins.

It must be noted that some debris, which could be
tributed to endocuticular debris, is observed on severa
casions (Figs. 1 and 5) [6]. Surface potential images re
that this debris seems to be quite polar as the border o
scales. This could be related to the particular compositio
the endocuticle, which is known to be rich in proteins [1]

3.2. Wetting experiments

To correlate the surface potential imaging observat
with other properties, wetting experiments were perform
on hair samples using different liquids. Two different te
niques were used, depending on the nature of the liquid
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imensions
ee
Fig. 1. (a) Tapping mode AFM image of a European black hair. (b) Surface potential image of the same region. (c) Cross section profile showing d
of the surface features along the line indicated in the surface potential image. The value in italics indicates the measured surface potential betwn the two
solid triangles.
ed:
he
ere
tes
can

is
ed
are
ear-
the
this
oc-
on

ed:
ir,
nse
ous

id
ace

m-
e

und
ned

ater
a-
and
the

ties
e in-
the
eed

y up

an
en-
the

sim-
ere

r to
very
• For nonvolatile liquids, a deposition technique was us
small drops of liquid were directly deposited on t
hair by using a microsyringe. Similar experiments w
performed previously on small drops on flat substra
[22,23], but only when a noncontact mode is used
unperturbed droplets be imaged [24]. When the tip
too close to the liquid surface, the liquid is attract
to the tip and instabilities are observed [25], which
very characteristic of these liquid surfaces. The app
ance of instabilities is therefore a useful signature of
presence of liquid on the surface. Note that using
technique, a possible local dewetting of the hair may
cur, due to the interaction with the deposited liquid
the substrate.

• For volatile liquids, a condensation technique was us
by putting the hair sample on top of a liquid reservo
we create conditions such that the liquid can conde
directly on the hair. One then tests the heterogene
nucleation at a local scale.

A simple way to predict the wetting properties of a liqu
on a surface consists of comparing the solid critical surf
tensionγc with the surface tension of the liquidγ [26]. If
γ > γc, partial wetting occurs with a finite contact angleθ .
If γ < γc, a thin layer of liquid spreads the surface (co
plete wetting,θ = 0). Several liquids with different surfac
tensions were used during the experiments and were fo
to exhibit various behaviors (Table 1). The results obtai
for the different liquids are as follows.

3.2.1. Water
The experiments were performed using a droplet of w

in contact with the hair glued on a silicon wafer. The w
ter quickly evaporates from the surface of the substrate,
no evidence of wetting on the hair surface is observed:
images are similar to those of a dry hair and no instabili
are observed. Moreover, the diameter of the hair sampl
creased with time as clearly indicated by a slow drift in
Z position of the scanner during the scans. The hair is ind
porous and can take up a large amount of water (typicall
to 35% of its own weight).

3.2.2. Glycerol
Glycerol is a polar liquid which is much less volatile th

water under standard conditions and is known not to p
etrate the hair, as checked by the absence of shift of
scanner during AFM measurements. However, results
ilar to those for water were obtained: no instabilities w
detected, indicating that the cuticle remained dry.

3.2.3. Squalane
Squalane is also expected neither to penetrate, no

evaporate, on the experimental timescale. Its behavior is
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Table 1

Silicone oil Decanea Dodecane Squalane Glycerol Wa
(PDMS)

Surface tensionγ 21 23.4 25.6 31.1 64 72.8
(mN/m)

Wetting Liquid layer Liquid seen along the borders Liquid seen along the borders No liquid found
behavior on the hair of the cuticle cells of the cuticle cells surface (no wetti

(total wetting) Sometimes liquid
covers a part of

the cuticular surface

a Indirect wetting method.
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Fig. 2. Topographic image of a hair sample wetted by squalane. The i
was taken immediately after liquid deposition.

different from that of water and glycerol: immediately af
the deposition of a small droplet on the top of the hair us
a microsyringe (typical volume around 1 µl), a smoothen
of the cuticles features is detected, as if the surface topo
phy was hidden by a squalane layer (Fig. 2).

To ensure that these observations were not due to con
ination of the tip by the liquid, experiments were perform
with the same tip but with a new dry hair (without squalan
keeping the same imaging parameters. The topographi
ages confirmed that the tip was free of contamination:
sharp details of the cuticles were recovered. When new
ages of the sample covered by squalane were taken wit
same tip, smoothened features such as those of Fig. 2
recovered. We then conclude that a layer of squalane rem
on the sample. A small droplet of squalane, about 1 µl, se
to be sufficient to cover several centimeters of hair. Afte
period of 2 h, drainage removes squalane from the top o
hair and it turns out that instabilities appear along the bor
of the scales (Fig. 3). These instabilities reveal the pres
of liquid, indicating that squalane prefers to accumulate
the edges. The nature of these instabilities has been st
-

-

-

e
e
s

d

(a)

(b)

Fig. 3. Topographic image of a hair sample wetted by squalane (a) and
ciated 3-dimensional perspective (b). The image was taken 2 h after l
deposition.

in detail by Dubreuil et al. [25]. The top of the cuticle can
accurately imaged, without any evidence of being wet.

3.2.4. Decane and dodecane
Two other alkanes were investigated, decane and d

cane, which are more volatile than squalane. It then beco
delicate to observe the wetting properties using the d
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Fig. 4. Optical image of hair sample wetted by decane using the cond
tion method. A liquid film is seen on the sides of the hair, as well as on
wafer.

Fig. 5. Topographic image of hair wetted by decane, taken 4 h after exp
to decane vapor. Note that instabilities are mainly present along the c
edges, which indicates that decane prefers to accumulate along these
The top of the cuticles is still relatively smooth, and does not show evide
of being wet.

wetting method described above. In order to avoid dr
backs due to decane or dodecane evaporation, we cr
conditions such that the liquid could condense directly on
hair. This hair was cut and fixed onto a silicon wafer, pla
into a specially designed cell containing the AFM probe a
the sample [24]. The cell can be saturated with alkane
por until many drops are seen to condense on the w
(Fig. 4). When the surface of the hair was imaged, drop
were never observed on the top of the hair, suggesting
the liquid was able either to penetrate or to fully spread o
the hair surface. Images were captured over a period of
eral hours. During approximately 3 h, the wafer was clea
wet by droplets, but no liquid drop appears on the hair
face. After three hours, typical liquid instabilities could
observed along the edge of the cuticles (Fig. 5). The p
ence of endocuticular debris could explain why instabilit
are sometimes noticed on the flat part of the cuticle surf
the endocuticle is known to be richer in protein and thus
hydrophobic than the outermost layer, the epicuticle, es
tially made of lipids [1]. However, no drop-like condensati
s.

d

t

-

Fig. 6. NC-AFM image showing the edge of a dodecane drop wetting
eral hair cuticle cells. The liquid partially wets the top of cuticle cells (bla
arrows) with a local contact angle of approximately 12◦ . Conversely it
spreads more along the more wettable cell edges (white arrow). Note
the longitudinal striations are likely due to an artefact.

was observed on the hair surface. This observation is
cussed below in terms of competitive penetration, nuclea
and/or dewetting.

However, droplets wetting the hair are expected to h
a distorted contact line due to the chemical and geom
cal (roughness) heterogeneities of the surface. This ca
clearly seen in Fig. 6, showing a large dodecane droplet
ting several cuticles. Notice that liquid spreads more al
the more wettable edge of the cuticle. The same feat
could also be observed with decane by using the con
sation method, although less neatly. On Fig. 6, longitud
striations could be seen. Such striations are likely due t
artefact that appears during the scanning by the tip (prob
remaining optical interferences) since they are also obse
on the liquid part. These striations are thus certainly diffe
from the ones observed by Swift and colleagues on diffe
mammalian fibers, which present a typical spacing alway
the range from 0.3 to 0.4 µm [27,28].

3.2.5. Silicone oil
Using silicone oil, a liquid of smaller surface tensi

(PDMS, viscosity of 100 cS), a liquid layer on the hair w
observed in all experiments, and the details of the cut
surface were blurred as in the squalane case. We con
that silicone oil spreads very quickly on the hair and
substrate surface. Such behavior is in agreement with o
vations made by Cazabat et al., who reported that silicon
spreads on all surfaces regardless of their nature (hydrop
or hydrophobic) [29].

The findings obtained for the different liquids used
summarized in Table 1.
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4. Discussion

It is well known that hair surfaces are covered by
compact hydrophobic layer, the epicuticle, mainly made
close-packed fatty acid chains [1,21]. Nevertheless, hair
faces are not chemically homogeneous: though the su
composition is not yet accurately known, one can ass
that the surface chemical moieties of the flat part of the o
hair cells (scales) consist of methyl and methylene gro
For such a surface, one could reasonably expect a cr
surface tensionγc between 22 and 31 mN/m, respectively
the values found for pure methyl-like and pure methyle
like surfaces [30,31]. On the other hand, the side of the c
is covered in part by proteins, for which a higher value of
critical surface tension is expected.

Let us discuss the results obtained according to the no
of critical surface tension and consider separately the c
of the flat part and of the sides of the outer hair cells:

If the outer hair cell surfaces are predominantly cove
by compact methyl groups,γc must be about 22 mN/m.
When γ > γc, partial wetting of the liquid should be ob
served with a measurable contact angle. Most liquids u
in these experiments have a surface tension higher
22 mN/m, implying a partial wetting on the outer surfa
of the scales (Table 1). Whereas the observations made
these liquids did not show any spreading, no drops w
observed either. Nevertheless, such results are not co
dictory when one considers the particular behavior of
liquids. With water, a swelling of the hair fiber is observ
indicating that the liquid penetrates the fiber. Water can
evaporate fast, being quite volatile. Glycerol is known no
penetrate the hair and it probably quickly dewets the o
surface of the scales. These assumptions also explain
no evidence of wetting was observed on the borders o
scales in spite of the higher value of the expected sur
tension.

Squalane is known neither to penetrate nor to evapo
on the experimental timescale. The observations made b
ing this liquid show that it dewets less quickly than glycer
immediately after the deposition, a layer of squalane co
the sample. After several hours, drainage removes squ
from the top of the hair and instabilities appear on the b
ders, indicating that squalane prefers to accumulate on
edges (some of it is left wetting the edges). This obse
tion is in agreement with a complete wetting on the bord
(γ < γc). Decane and dodecane are more volatile t
squalane and are suspected of penetrating the hair. T
two liquids may nucleate drops which are not seen bec
they quickly penetrate the hair. For these alkanes, the d
ence betweenγ andγc is very small and this could expla
why some images reveal that these liquids sometimes c
a part of the scales (Figs. 5 and 6). More likely, nucleatio
drops mainly occurs on the edges where a higher critical
face tension is expected. Silicone oil is the only liquid w
a surface tension lower than 22 mN/m. In this case, a ho
l

s

-

y

-

e

e

r

mogeneous liquid layer covers the entire surface of the
which is consistent with a complete spreading whenγ < γc.

If the outer hair cell surfaces were predominantly cove
by compact methylene groups, a higher value ofγc is ex-
pected, about 31 mN/m. Most conclusions which have be
put forward for the different liquids under the hypothesis
γc = 22 mN/m are still valid: water penetrates into the bu
of the hair fiber, glycerol probably dewets quickly and/o
pumped out by glycerol on the solid substrate and squa
dewets less quickly and some of it is left wetting the edg
With decane and dodecane,γc is then lower thanγ , imply-
ing a complete spreading. These two liquids may nucl
everywhere but still more preferentially on the border of
scales where a thicker film may pump out the film nuclea
on the scale. Taking into account a likely penetration of
liquid may explain why no evidence of the presence of th
liquids was found on the flat part of the outer hair sca
In the case of silicone oil, complete spreading is expe
(γ < γc), which is in agreement with the observed behav

To summarize, the value of the critical surface t
sion for the flat part of the cells is probably between
and 31 mN/m. It cannot be estimated with more precision
this time, because of the possibility of penetration of the
liquids used with tensions intermediate between these
values (decane and dodecane). Nevertheless, the resu
in agreement with a critical surface tension due to a mix
of methyl and methylene-like surface groups. The crit
surface tension of the cell borders is certainly larger.

5. Conclusions

In this paper we have reported investigations of w
ting and electrostatic properties of hair by atomic fo
microscopy. Surface potential imaging was used to cha
terize local polarities, while wetting properties were inv
tigated by imaging hair samples on which different liqu
were spread, by using noncontact mode AFM. We foun
remarkable concordance between the surface potentia
periments, reflecting the cartography of the polarity of
hair surface, and the location of hydrocarbon liquids du
the wetting process of this hair: these liquids preferenti
wet the cuticles edges which are more polar. More polar
uids such as water and glycerol do not appear to wet
region of the cuticle, although water was seen to pene
into the bulk of the hair fiber.
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