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Correlation of AFM/LFM
with Combing Forces of Human Hair

Roger L. McMullen**, Janusz Jachowicz*, and Stephen P. Kelty*

Abstract

A comparative study is presented of dry
combing forces measured with a Miniature
Tensile Tester and micron-scale frictional
forces measured using Normal and Lateral
Force Microscopy of virgin and treated
human hair. Topographic images of the
fibers show the presence of small pores,
which become increasingly prevalent upon
solvent extraction. The pores appear to
attract cationic polymers. Friction images
show surface variations that are interpreted
as areas of varying lipid film coverage. Fric-
tion image analysis indicates a good corre-
lation of image data and combing forces as
measured with a modified Miniature Tensile
Tester.

Introduction

Recentinvestigations of hair fiber surface fea-
tures using Atomic Force Microscopy (AFM)
and other complementary Scanning Probe
Microscopy (SPM) techniques have shown
that this class of surface sensitive techniques
is particularly well suited for probing the
local surface properties of natural fibers
from the atomic to micron scale. For exam-
ple, a considerable amount of interest has
focused on quantifying the cuticle step
heights of human hair [1-3], and characteri-
zing the surface roughness of the morpholo-
gical components of the cuticle, i.e. the exo-
cuticle, endocuticle, and the A-layer [3].
Additionally, these studies have demonstra-
ted the use of AFM to study hair at various
degrees of hydration [1-3] and at a range of
pH levels [3, 4]. Other studies, primarily inte-
rested in the adsorption of cationic poly-
mers onto hair, have also been completed [5-

8]. More recently, Parbhu et al. [9] used for-
ce-volume and nano-indentation techni-
ques to measure the hardness and relative
elastic moduli of the morphological compo-
nents of the wool fiber. Their results were in
agreement with what one would expect
considering the chemical composition of the
various components of the wool fiber.

In AFM, one obtains a topographical image
by measuring the vertical deflection of a soft
cantilever, to which the tipis attached, as the
tip is rastered over the surface [10]. The
cantilever deflections normal to the surface
are representative of topographical surface
features. In addition to AFM, Lateral Force
Microscopy (LFM) is a complementary tech-
nique in which the torsional twisting the tip
and cantilever is measured to provide a
measure of the drag or friction of the tip on
the surface [11-13). LFM can be used to stu-
dy the frictional drag properties of hair
fibers atthe local level and thus provide a fun-
damental understanding of the underlying
properties which lead to macroscopic com-
bing forces. Although several AFM investi-
gations on human hair fibers have recently
appeared inthe literature, to our knowledge,
complementary LFM studies have not been
forthcoming. However, there has been a
limited amount of information reported con-
cerning the LFM of wool fibers in which dif-
ferent frictional domains were observed in oxi-
dized samples [14, 15].

We herein report combined AFM and LFM
investigations of various types of hair fibers
including virgin, chemically treated (blea-
ched), delipidized (by solvent extraction),
and polymer treated hair. All modified hair
types show an increase in dry combing for-
ces as quantified by combing measure-
ments carried out for fiber assemblies by
employing a Miniature Tensile Tester equip-
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ped with a special accessory for combing
measurements. We attempt to correlate
combing data with the observed changes in
hair surface morphology and friction.

Experimental Details
AFM/LFM Instrumentation

AFM and LFM studies were performed using
an AutoProbe™ CP manufactured by Park
Scientific Instruments. An AFM/LFM probe
head was used in conjunction with a 100 pm
piezoelectric scanner, operating in the
contact mode. The instrument used was the
nbeam-bounce« type in which a diode laser
beam is focused onto the back (top) of the
cantilever. The variation in the angle of
reflection is used to monitor the normal and
torsional cantilever deflection by means of a
four-quadrant position sensitive photo-
detector. Commercial gold-coated Si;N,
cantilevers with pyramidal tips (microle-
vers) were used in the analysis. Fig. 1 shows
a general scheme of a scanning probe
microscope. As seen in this figure, an opti-
cal lever detection system is used to moni-
tor the cantilever deflection as a result of inter-
actions between the tip and the analyzed
sample. We operated the instrument in con-
stant force mode, in which the sample verti-
cal height is continuously adjusted via an
electronic feedback loop so that the probe
maintains a constant force with the sample.
Therefore, changes in topography that
resultin cantilever deflection will cause the
feedback loop to signal the piezoelectric
scanner and change the position of the sam-
ple.

Materials and Procedures

In this study we compare virgin with sol-
vent-extracted and bleached hair. Oriental
human hair (International Hair Importers &
Products, Inc.) was used for all investigati-
ons due to its high radius of curvature as com-
pared to other hair types, which facilitates sur-
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| scanner.  The
voltage supplied
to the z-drive is
the origin of the
topographic ima-
ge data and is
sensitive to
topographic sur-
face features.
The error signal
image reflects
the difference
between the

position sensitive
photodetector

*— feedback
control loop

Fig.1 General scheme of a scanning probe microscope; adapted from

Howland et. al. [16]

face scanning in the AFM/LFM instrument. Vir-
gin hair, as supplied by the distributor, was
compared with hair extracted with a series
of solvents. The effect of solvent extraction
on hair was investigated first by treatment
with t-butanol and n-hexane, each for 4
hours, then with a mixture of chloroform/
methanol (70:30 v/v) for 6 hours. In each pro-
cedure, 3 g of hair was treated with 250 mL
of solvent in a Soxhlet extractor. Additional-
ly, we examined the effect of bleaching hair
by using a commercial product consisting of
Clairol Professional BW 2 bleaching powder
and Emiliani Professional 20 Volume clear
developer.

The cationic polymer, colvinyl pyrrolidone-
methacrylamidopropyl trimethylammonium
chloride) [PVP/MAPTACI], was employed to
modify the surface properties of hair. Itis a
commercial product sold under the trade
name of Gafquat HS-100. Treatment of hair
with this material consisted of soaking hair
in a 1% polymeric solution followed by rinsing
and drying.

For AFM studies, virgin and treated hair
fibers were mounted to steel sample studs
using nail polish. Attempts to use epoxy or
other adhesives, which have been used in
other studies, indicated atendency to wet the
fibers, particularly at the cuticle edge. Con-
sequently, images of fibers obtained using
epoxy may be considered suspect. In contrast,
typical nail polish showed no tendency to wet
the fiber surface but did offer good stability.
Allimage data presented in this report are raw
and unfiltered, unless otherwise noted. In
normal operation, the difference between
actual cantilever deflection and a reference
setpoint is supplied to a feedback loop
connected to the z-drive (height) of the
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actual cantilever
deflection and
the setpoint, and
is highly sensitive
to changes in
height. Consequently, we found that it is
useful to monitor both the topographic and
error signal simultaneously since they are
complementary data sets. LFM data were
obtained in both scan directions providing us
with two complementary images, illustrating
the torsional bending experienced by the
cantilever in the forward and reverse scan
directions.

Combing measurements of hair tresses
were performed using a Miniature Tensile
Tester (Dia-Stron Ltd.) operated by MTTWIN
4.1a software. The combing analysis of
untreated and chemically modified hair is
presented. Experimental procedures are
similar to those described previously [17].
Lateral force measurements in combination
with AFM can provide fundamental informa-
tion about the physical and chemical pro-
perties of the surface. Soft materials, such as
gels and waxes, allow the tip to penetrate the
surface resulting in an increase in drag
coefficient, which, in turn, cau-

ses the cantilever to experience

cal features, we record simultaneous images
of the topography and lateral deflection.
Furthermore, the frictional force Frexperien-
ced by the tip is dependant on both the fric-
tional coefficient y and the loading force F,
[18].

F=p-F (1)

To calculate the friction from LFM measure-
ments, other factors including the shape
and composition of the tip as well as the
design and physical characteristics of the
cantilever must be known. In general, these
details are not sufficiently known in a given
experiment to accurately calculate the fric-
tion. However, the relative variation in friction
may be used to provide meaningful compa-
risons among various sample surfaces. To
accomplish this, the effects of loading force
must be eliminated from the comparison. A
convenient method to accomplish this is to
measure the friction signal as a function of
loading force. Another effect which must be
accounted for when comparing different
samples is thatthe measured value of the fric-
tion signal is highly dependent on instru-
ment parameters which vary from one scan
setup to the next. These variations can also
be eliminated by taking the difference bet-
ween forward and reverse scans. During
each scan, images were obtained for the
topographic, error signal, LFM-forward, and
LFM-reverse measurements simultaneously.

Results & Discussion

A typical set of topographic, error signal,
LFM-forward, and LFM-reverse images is
shownin Fig. 2. These images were obtained

greater torsion. In contrast,
hard crystalline materials do not
allow the tip to penetrate the
surface as much, so a lower
drag coefficient results typical-
ly characterized by lower fric-
tion. Besides surface chemical 08
composition, friction may also
result from topographical fea-
tures such as pores or pits
especially if these features
have radii comparable or smal-
lerthan the tip radius. In order to
distinguish the lateral forces
contributed by surface chemi-

v

cal properties and topographi- Fig. 2a
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Fig. 2c

Fig. 2d

Fig.2 Typicalimage data scans (30 mm) obtained dur-
ing AFM/LFM analysis: (a) topography, (b) error sig-
nal, (c) LFM-Forward, (d) LFM-reverse

4

simultaneously for a 30 pm scan
(900 pm? scan area) on untreated
hair. The scale in Fig. 2a corre-
lates darker colored areas with
lower topography and lighter
colored areas with regions of
higher topography. Fig. 3 shows
the topographic data of Fig.2a in
athree-dimensional format. The
LFM data, depicted in Figs. 2c and
2d, illustrates the torsional ben-
ding of the cantilever as it
rasters across the sample in
each directions. Itis importantto
note that what appears dark in
Fig. 2c, transpires as light in Fig.
2d and vice-versa. In Fig. 2¢
(LFM-forward), dark represents
areas that are higher in friction
whereas light is indicative of
lower frictional regions. The
opposite is true for Fig. 2d (LFM-
reverse), in which light corre-
sponds to high friction and dark
represents low friction. By
taking the difference between
Figs. 2c and 2d, one can obtain
relative frictional information
about a particular material.
However, the images must be
collected at various normal for-
cesin order to obtain a plot of tor-
sional cantilever deflection as a
function of the set point. The
slope of this plot provides a
value related to the coefficient of
friction between the probe tip
and the sample.

When comparing the virgin,

Fig. 3 Three-dimensional representation of topography

bleached, and solvent extracted hair we
found that virgin hair, as supplied from the
manufacturer, was often characterized by
the presence of small micro-deposits on the
surface. After solvent extraction or blea-
ching the deposits were found to be less
predominant. Fig. 4 provides an (a) error sig-
nal (b) LFM-forward, and an (c) LFM-rever-
se scan image, most representative of those
found for virgin hair. The images provide evi-
dence for the presence of particles, in
which case some of the particles may be clas-
sified as being frictionally different than the
rest of the hair surface since the entire par-
ticle has a different color in the LFM images
than the remaining hair surface. Also preva-
lent are donut shaped features, which occur
as opposing colors in the LFM forward and
reverse images. As stated previously, lighter
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Fig. 4c

Fig. 4 (a) Error signal, (b) LFM-forward, and
(c) LFM-reverse images (10 mm) for virgin hair,
illustrating surface deposits on hair

Fig. 5a
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colors in the LFM-forward image corre-
spond to larger degrees of cantilever torsi-
on while darker colors in the LFM-reverse
image correspond to larger degrees of torsi-
on. This would mean that the particles might
be made of a softer material than the remai-
ning surface. If this is the case, itis possible
that the particles represent soft surface
deposits on the hair, such as sebum. Hair that
has undergone Soxhlet extraction with the
selected solvents does not possess the hig-
her friction particles as shown by the AFM
and LFM images in Fig. 5. Similarly, analysis
of bleached hair also suggests that most of
such particles are removed during this che-
mical treatment.

Another striking feature of the hair surface
was the presence of a large quantity of
micro-pores. Fig. 6 provides a representati-
ve site on solvent extracted hair in which a
considerable population of micro-pores can
be seen. The average diameter of the pores
was determined to be 149 nm + 24 nm with
their depth estimated to be 7.94 nm + 2.45 nm.
As stated in Table 1, the micro-pores were
found in 21% of the sites examined in virgin
hair, 42% in bleached, and 70% in solvent
extracted hair. These features may be inter-
preted as surface damage; however, there
presence in both virgin and treated fibers indi-
cates that they may occur naturally on the
fiber surface. As a result of oxidative/alkali-
ne treatment or solvent extraction, many of 0 s 10
the surface lipids are dissolved/solubilized and i

removed, revealing the actual hair surface Fig. 5¢

with micro-pores present. We attribute their

increased occurrence in bleached and sol- Fig. 5 (a) Error signal, (b) LFM-forward, and
vent extracted hair as resulting from disso-  (c) LFM-reverse images (10 mm) for solvent
lution of the surface lipids and exposure of ~ extracted hair

the fiber surface. To our know-
ledge, reports of the micro-

pores have not appeared in the

literature, however, their pre-

sence is occasionally evident in

unpublished hair micrographs

[19]. It is also probable that -

micro-pores have not been pre-

viously observed in most scan- L

ning electron microscope el i

(SEM) studies, since a 10 nm a

coating of gold is usually sputte- 00

red on the hair sample in order

to make it electro-conductive, a

layer that could effectively

mask the presence of surface 0 3 o
features such as micro-pores Bi

[14]. The images of virgin hair, Fig.6 Error signalimage (10 pm) of solvent extracted
shown in Fig. 4, demonstrate the hair revealing micro-pores on the hair surface
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pe is reported for each data set |
B up to disentanglement peak ‘
y : . ; “*1 mentire curve |
surface, with the exception of the cuticle smallest slope is "
edge. This is a more informative parameter  obtained by vir- s
than an average, which takes into account gin followed by 95_ 0
all signal difference values. bleached, sol- § -
To understand the frictional differences be vent extracted, H
tween virgin, solvent extracted, bleached, and polymer 5=
and polymer treated hair, images were treated hair. -
collected from various surface regions and These  results
at a series of loading forces. A plot of signal are consistent =
difference as a function of loading force f;, with dry com- o
allows us to determine the slope of thatrela-  bing values ob- = — e HARRSRe
tionship, thereby yielding a parameter direc-  tained  experi-
tly related to the coefficient of friction fora mentally with a Fig. 11b

SisN, tip sliding on a particular hair surface
(Fig. 10). The slopes for each hair type as well
as the standard deviation for each series of
measurements are indicated in the figure. The
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Dia-Stron Minia-
ture Tensile
Tester. Fig. 11a
presents the dry

Fig. 11 Force as a function of tress distance corresponding to (a) dry
combing curves for hair that has undergone the indicated treatment
protocols as well as (b) the integrated values obtained for the cur-
ves
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combing curves for various hair treatment
types in which the force to comb a dry hair
tress, is plotted as function of the tress
length. The integrated values of the combing
work are compiled in Fig. 11b, illustrating a
similar trend. Arguably, the end peaks of the
combing curves, employed to calculate
combing work values discussed above are
due to disentanglement of the fibers and not
a result of inter-fiber or comb-fiber friction.
However, when we integrate the region of the
combing curves prior to the observed end-
peak, we find the same trend, indicating that
inter-fiber and comb-fiber friction contribu-
te to the overall combing of the hair tress (Fig.
11b).

Concluding Remarks

In all materials studied, we find that the
effects of increased friction are invariably due
to local effects of the fiber surface and not
to large-scale effects involving the cuticle
geometry. Small surface features with the
appearance of pores are evidentin all sam-
ples but are more prevalent in the extracted
samples. The pores are currently believed to
be natural features of the fiber surface and
become exposed upon lipid extraction. We
find thatthe edges of these pores seemto pre-
dominantly attract cationic polymers as
compared to the remaining surface. The
guantitative data obtained from the measu-
rements of the LFM signal as a function of loa-
ding force allowed an estimation of a para-
meter related to fiber-probe friction. This
parameter is found to correlate well with
macroscopic combing analysis.
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