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* Introduction
o Hair structure
o Why is tribology important to desired hair features?
o Role of shampoos and conditioners

* Objective and Approach

« Experimental Techniques
o Atomic force microscopy (AFM) and various operating modes
o Nanoindentation technique
o Hair samples
o Contact angle of hair, human skin, and AFM tips

o Hair Cellular Structure Characterization

 Nanomechanical Property Characterization

* Nanotribological Characterization

» Conditioner Distribution Studies

» Surface Potential Measurements Using Kelvin Probe Microscopy (KPM@

Nanotribology Laboratory for Information Storage and MEMS/NEMS



€\ Springer springer.com

the language of science

B. Bhushan, The Ohio State University, Columbus, OH, USA
Bharat Bhushan

Biophysics of Human Hair

b e Structural, Nanomechanical, and Nanotribological Studies

B|0phy5|cs This book presents the biophysics of hair. It deals with the structure of hair, its mechan-
ical properties, the nanomechanical characterization, tensile deformation, tribo-

logical characterization, the thickness distribution and binding interactions on hair
AL SR AT sur’.face. It is the first book on the biophysical properties of hair.... mere on kiip:.//

and Nanotribological Studies springer.com/978-3-642-15900-8

of Human Hair

» Presents the biophysics of human hair Contains nanostudies of the properties of hair
Gives a macroscale tribological characterization of hair Discusses hair damage

t':_J Springer

2010, 295 p. 100 ilus. (Biological and Medical
Fhysics, Biomedical Engineering) Hardcower

ISBN 978-3-642-15900-8
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Introduction

 Hair is nanocomposite biological fiber
* [t is composed of dead cells, mostly keratin proteins (cystine) (65-95%), water, lipids, pigments.

Hair structure

Schematic of a human hair fiber structure with cuticle sublamellar structure

a-helical

Hair surf:
protein SRS __-Outer p-layer (O-B)

e Epicuticle (EPI)
Intermediate
filament A-layer
Macrofibril Cuticle 1 .
Exocuticle (EXQ)
e
Medulla Endocuticle (END)
Inner p-layer —{ —Inner layer

Cell membrane
complex (CMC)

~™~Epicuticle (EPI)

d-layer |
outer B-layer

-—
50-100 um

(Robbins, 1994; Smith and Swift, 2002) Cuticle 2 l
Hair fiber consists of three main components: P —
Cuticle, cortex, and medulla g g )
« Cuticle is important in protection of hair. e _{E E Eji i QEE 5
» Cuticle consists of flat overlapping scales, (| E £
. . E
and appears like tiles on a roof. S— \[\U \[\ \ ﬂ[\ I E
« Cuticle is multi-layered. The outermost g
epicuticle layer is covered with lipid layer (18- A Negri and Comell, 1992)

MEA) which provides lubrication.
B. Bhushan, Biophysics of Human Hair: Structural, Nanomechanical and Nanotribological Studies, Springer, 2010.
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics

@

=z
—
w
(os]

C



Why is tribology important to desired hair features?

Various functions requiring low friction and adhesion

Macroscale Micro/nanoscale

Desired hair feature Tribological attributes
Smooth feel in wet and dry Low friction between hair
environments and skin in respective
environment
Shaking and bouncing during Low friction between hair
daily activities fibers and groups of hair
Easy combing and styling Low friction between hair
and comb (plastic) and low
adhesion. )
Combing results in physical |
damage such as scratching
and hair stretching.
Note: More complex styles
may require higher adhesion
between fibers.

Combing

Comb
tooth
(plastic)

-~

Hair

C. LaTorre and B. Bhushan, Ultramicroscopy 105, 115 (2005); J. Vac. Sci. Technol. A 23, 1034 (2005)
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics




« Maintaining health, feel, shine, color, softness, and overall esthetics is
highly desired.

» Natural weathering and normal grooming actions such as combing,
cutting, blow drying with hot air, chemical dyeing, and permanent wave
treatments result into

chemical, mechanical and chemomechanical damage
which degrades mechanical and tribological properties.

Role of Shampoos and Conditioners

» Hair care products including shampoos and conditioners are used to clean and
repair.

Shampoo — Cleans hair and scalp of oils and dirt.
Conditioner (gel network of cationic surfactants, fatty alcohols, silicones, and
water)

— Repairs hair damage and make the hair easier to comb, prevent flyaway, add
feel, shine and softness.

« This industry is about $20 billion dollars in annual sales. Top three hair companies
(P & G, L'Oréal and Unilever) all have annual sales on the order of $5 billion eac@
-

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 6



Interaction of conditioner with hair surface

Virgin or damaged hair Treated hair

Conditioner deposits
(positively charged)

Cuticle edge

/

Cuticle layers
(negatively charged)

Hair is negatively charged.

Therefore, positively charged conditioner molecules (cationic
surfactants) are attracted to the hair surface which results in
conditioner deposition on the hair.

It is even more true for damaged hair, since hair gets even more
negatively charged as a result of damaging processes.

C. LaTorre, B. Bhushan, et al., J. Cosmetic Sci. 57, 37 (2006) NLBB
- omime (&)
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 7



Objective and Approach

Objective

* In order to develop better cosmetic products,

Obijective of our study is to understand the effect of damage and treatments
of hair on morphology, cellular structure, mechanical and tribological

properties.

» Study various hair and skin as a function of ethnicity, damage, conditioning

treatment, and various environments.

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics
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Approach

« Hair cellular structure characterization using SEM and AFM
a Various ethnic hair including effect of location _
o Cross-section and longitudinal sections of human hair

Nanotribological characterization using AFM
o Surface roughness, friction, and adhesion _
o Directionality effects and scale effects on friction and adhesion

Nanomechanical property characterization using nanoindenter and AFM
o Hardness, elastic modulus, creep, scratch resistance _
o In-situ surface characterization of localized deformation of hair

Macrotribological Characterization using tribometer

Conditioner distribution studies using AFM
o TR mode, force calibration mode, and adhesive force mapping

Surface potential studies using KPM
o Electrostatic charge build-up on hair surface

)
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Experimental Techniques
AFM and various operating modes

Schematic diagram of AFM Three different AFM operating modes
Prism Tapping mode Torsional resonance mode
Photo diode —_— Laser diode . 74
Mirror ' P -
__% Focusing lens __g;;;;:fi======,~ ,,-l\
“ zZ H-‘:=:::=='§: J"‘ 10
\ | [
y

H Cantilever

Phase angle definition
Cantilever response in free air
Cantilever response during engagement

—| |« Phase angle

Viscoelastic material Nearly elastic material
 Roughness measurements were made using the Tapping mode (constant amplitude).
» Adhesion, friction and durability studies were carried out in the Contact mode.
» Elastic and viscoelastic properties were measured using the Torsional resonance (TR)
mode (constant load) N BB B

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 10



Nanoindenter

Schematic of nanoindentation and nanoscratch test on hair

Load application coil/magnet

Indenter support springs

Capacitive displacement gauge —

B

Indenter support springs

Lateral force probe

Load frame

Indentation or scratch tip

Hair sample

<—— Siwafer

Lateral motion stage

(a)

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 11

Scratch tip

Cuticle
scale

Hair

Nanohardness, elastic modulus,
creep, and scratch resistance
measurements were made using
a Nanoindenter II.

SEM imaging

o Philips XL-30 ESEM

o Hair sample sputtered with thin
gold coating prior to SEM
measurements
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In situ surface characterization of localized deformation
conducted using a tensile stage inside an AFM

Stepper

motor \ ‘

05 Stepper motor
\ controller
’ /
S iy
0z g .
orce sensor
/ .
z / Signal - e
y I » conditioner |—>| A/D Board >
W L * Base ’
plate

)

I.P. Seshadri and B. Bhushan, Acta Mater. 56, 3585-3597 (2008); I.P. Seshadri and B. Bhushan, Acta Mater. 56, 774-781 (2008); M.S. Bobji and B.

Bhushan, J. Mater. Res. 16, 844-855 (2001); M.S. Bobji and B. Bhushan, Scripta Mater. 44, 37-42 (2001).
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 12
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Macrotribological Characterization Using Tribometer
with an environmental chamber

Semiconductor
strain gagesx,,

/_} Microactuator

5
¢
o
&

O‘:\

|| Humidity

sensor

|/ Sam
Linear Stage

~N

stage \ \I

 —

g j} | Vxz * Macroscale friction and durability
-axes stage ) : .
R p.7/ studies were carried at various

temperature and humidity conditions

(

L=

were carried out using a tribometer.

ZARY

—{ Stage controller |

Air
inlet

—{ Motion oontroller|

Amplifier — PC

Carbon

filter

Mi troll
Dual desiccant

£

«—Solenoid valves

Mixed air
tubes
(

(= | Dry air

Z

Humid air

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 13
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Hair Samples

 Virgin and damaged
— Virgin
— Chemically damaged (bleached and colored)
— Mechanically damaged (exposed to combing which shows high
degree of cuticle damage)

 Ethnic Hair
— Caucasian, Asian, and African

e Treatment
— Polydimethylsiloxane (PDMS) silicon based conditioner
— Aminosilicone based conditioner that attaches chemically to the
surface
— Soaked in DI water for 5 min
(Time for water to penetrate)
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Contact angle of hair, human skin, and AFM tips
Contact angle affects wettability of hair; one also needs to know how care products

affect contact angle.

Contact angles need to be simulated in our measurements.

Sample Contact angle (°) Surface energy (N/m)
Dry Soaked
Virgin Caucasian hair 1032 982 0.028P
Virgin treated 882 92a
Chemically damaged 702 702
Chemically damaged, treated 792 842
Mechanically Damaged 952
Asian 922
African 802
Human skin - forehead 55¢ 0.043¢
- forearm 88¢ 0.038¢
844 0.029¢
- finger 744 0.0244
104¢ (after 0.027¢
soap washing)
58¢ (before
soap washing)
Si,N, fi f
.3 - 4 film 48 ﬁ
Sitip 519 NLBB




Hair Cellular Structure Characterization

Various ethnic hair using SEM

Caucasian | Asian African

S

» Cuticles consists of of flat overlapping scales, observed in all ethnic hair.
These appear like tiles on a roof, attached at the root end and point toward the tip end of
the hair fiber.

* Hair diameters are different in different ethnic hair.

)

G. Wei, B. Bhushan, and P. M. Torgerson, Ultramicroscopy 105, 248 (2005)
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Hair cross section

SEM images of virgin hair cross section

Caucasmn

o
O
-~ % o

§ &i‘%% ‘?ag-i

Larger view Cortex/Medulla regio ‘ Cuticle region

Effect of location

G. Wei, B. Bhushan, and P. M. Torgerson, Ultramicroscopy 105, 248 (2005).

Asian hair seems to be
the thickest (~80-100
um thick, nearly round),
followed by African hair
(~50-100 pum thick,
significantly elliptical)
and Caucasian hair
(~50-80 um thick,
elliptical).

Hair near the scalp
(root) has complete
cuticle scales while no
scales are found near
the tip.

Near the tip, the hair
experiences more
mechanical damage

during its lifetime tha h

near the root. N BB B

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics



Cross section of virgin Caucasian hair Using AFM
TR surface height TR amplitude TR phase angle

LA ST NN

Epoxy

The cortex region, the cuticle region (5 layers of cuticle cells, total ~2 um ) and
epoxy resin region are easily identified.
Sublamellar structure of the cuticle is observed at high mag. (not shown).

Cortex region shows very fine circular structure of size ~50 nm, which represents the
transverse face of the macrofibril and matrix.

I‘r—wil

NLBB

N. Chen and B. Bhushan, J. Micros. 220, 96 (2005 . N . D)
Na oprc?be Laboratory for Bio- & Nanotechnology and Biomimetics 18 U



Effect of location (near root and near tip)

TR surface height TR amplitude

TR phase angle

Intact cuticle
Position 1 edge

(near root)

Lots of damage
along the cuticle

Position 2 edges

(near tip)

Near the tip, parts of the cuticle outer sublamellar layers were removed and
underneath layers (the A-layer, the endocuticle, the inner layer) are exposed,...

N. Chen and B. Bhushan, J. Micros. 220, 96 (2005). N r|__|13 B

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 19



Damage process of hair surface

Virgin > Damaged
T _ |
Cuticle 2 ) \ Cuticle 2 , Cuticle 2
(Tip end) Endocuticle \iﬁ\.} \ . \
A0 Cuticle 1
n{ Y\ X
N | \
a8 | 1
—>» Cuticle 1 | | <
(Root end) j |
! |
New
Cuticle edge I Ghost cuticle ! Ghost
/ edge /
. Endocuticle Cuticle 1 Ghost
Cuticle 1 Cuticle 1 \
— |— ]
Cuticle 2 Cuticle 2 Cuticle 2

Due to natural weathering or mechanical/chemical damage,
parts of the cuticle outer sublamellar layers wear off and underneath layers are
exposed.

Further damage will cause entire piece of cuticle to be broken off.

The ghost which delineate the original boundary of the cuticle edge is seen.

)
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N. Chen and B. Bhushan, J. Micros. 220, 96 (2005).
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 20
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Summary

 Various sublamellar cellular structures of cuticle are easily
observed using AFM with TR mode technique because of
their distinct stiffness and viscoelastic properties.

« Surface of virgin hair near its root end shows little damage
and intact smooth cuticle edges.

« Damage occurs near tip end of hair surface because of
natural weathering and mechanical/chemical damage,
exposing various sublamellar cuticle layers.

)
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Nanomechanical Property Characterization

Hardness and elastic modulus plots
across various virgin hair

Caucasian

10 10 Table Summary of hardness and elastic modulus of human hair.
05 IEMI\..”—__[;"\\\D‘“,ﬁi’__.--ﬂ'..'ﬂ' E 1s HﬂlﬂﬂE'SS {GPE:I :E-.lﬂSﬁ.C ﬂl{}dl].l‘l_‘l.&. I:GP.E}
car e Cuticle® Cortex® Medulla®  Coticle®  Cortex”  Medulla®
o7 | j;r P Caucasian 032+004 0274002 ~0.19 60+04 65+05 ~55
00— Asian 039+006 030+002 ~0.8 75+08 6703 ~58
T 5’ ‘“E African 024+005 023+006 ~0.16 48+06 58407 ~50
gn_a_ | al . ”EB e #Obtained from the hair surface at normal load of 1.0mN
2 % 6 é ®Obtained from the hair cross section at normal load of 1.0 mN
é 04 r-_-E-H'4 %
% 0.2t i. : 2 E
N afican ) _ _

B ] « Hardness and elastic modulus of hair decreased
going from the surface to the core.
AR « The Caucasian, Asian and African hair have

VRN different nanomechanical properties.
(A [ « It appears that Asian hair has the highest
Conex— hardness and elastic modulus, followed by
c,]c./_rwdu Caucasian and African hair.

Hair cross section

)

G. Wei, B. Bhushan, and P. Torgerson, Ultramicroscopy 105, 248 (2005).
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Creep displacement vs. time curves for various hair

Virgin Damaged Treated
Caucasian
00 10 mN 10 mN 10 mN
2500
I I - In all cases, th_e
e o T displacement increases
, with time at a constant
Asian load, i.e., hair creeps.
g 2500
al e |7 It is difficult to correlate
§ 10| o 17 the creep behavior of
— each hair to its ethnicity
rican - . .
J— —— and condition (virgin,
e T . .
w7 S ¢ damaged, or virgin
[ i
- treated).
10000 1(I)0 2[I)0 360 4tl)0 5[.)[) 600 O 1[I)0 2(IJO 3(;0 400 5[I)[) 600 0 1(30 260 3[;0 4150 SE)O 600
Time (s)
G. Wei, B. Bhushan, and P. Torgerson, Ultramicroscopy 105, 248 (2005). |N‘r|__§.5|
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 23 L.W)



Scratch resistance

Coefficient of friction

Comparison of coefficient of friction and scratching

Virgin Damaged Treated
Caucasian hair, single cuticle cell
Mormal load (mMN]
280 0z 04 08 08 000 02 04 08 0.8 1000 02 04 06 08 10,
Before scratch . - =
e e — - - 0
12 /T '/ -200
ring scratch 4 e
After scratch
0.8 (- 400
04 e -B00
00 -800
Asian hair, single cuticle cell
20 . 200
16 b= S S = —— 0
12 -200
08 -400
04 -500
0o N " -800
o 1 2 3 d 5 0 1 2 3 4 5 0 1 2 3 4 5

Tip location {um)

Scratch depth during scratch is higher for

the chemically damaged hair than virgin hair. *

Scratch depth (nm)

Chemical damage softens the hair surface,
which allows tip to plow into the hair easily.

Scratch depth in treated hair is high because

the tip can easily penetrate into a thin layer

of conditioner.

G. Wei and B. Bhushan, Ultramicroscopy 106, 742 (2006)
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics

Coeflicient of friction

08

04

00

Directionality effects on coefficient of friction and scratching

Damaged Caucasian hair, multiple cuticle cells

Tip location (umy)

(a)

Along cuticle Against cuticle
Normal load (mN)
2 4 8 8 0 0 2 4 3] ]
Before scratch —
) i T, s o
N s ——_ £
AN o R, s £
/T After seretch T | —~/ ]
During scratch Y YAt S s
r ra — \ 5
-j _»’. e \ _-‘:{. o] [ g
lrr\u-"r-\lff . .3000 I
. - : -4000
Y] 10 20 30 40 900 10 20 30 40 a0

Coefficient of friction and damage
to hair surface is higher when the

tip is scratches the hair against

the cuticle.

24
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Cuticle response to tension — by using in situ surface
characterization of localized deformation

Virgin Hair
Most significant effect of tension —
cuticle lift off due to extensibility differences
occurs at 20% strain
 Endocuticle and cell membrane —
weak, extensible;
e exocuticle, epicuticle — cross linked, rigid

« Difference in extensibility - interlayer shear
forces

e  20% strain — failure in endocuticle and
delamination - Outer cuticle lifts off

Schematic of the sublamellar structure
of the human hair cuticle

Hair surf:
air surtace _—Outer p-layer (O-p)

' <— Epicuticle (EPI)
A-layer

Cuticle 1 Exocuticle (EXO)

——— | Endocuticle (END)
Inner B-layer e — Inner layer
S-layer _ Cell membrane
Outer p-layer ! ;_:.:-'-'| complex (CMC)

' ™ Epicuticle (EPI)
Cuticle 2 1

I.P. Seshadri and B. Bhushan, Acta Mater. 56, 3585-3597 (2008).
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics
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Damaged Hair

Mechanically damaged Caucasian hair

1.5
umE —_— .
.3 —"" T — ~—
1.5
0% 5.2% 10.5%
0 Bam
#-\\h-/ e s\ —_—

I.P. Seshadri and B. Bhushan, Acta Mater. 56, 3585-3597 (2008). N LL_E} B
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 26 L.U)



Summary
 The hardness and elastic modulus of hair decreased going from the

surface to the core. The cystine content variations in cuticle
substructures and cortex are believed to be responsible for the
variations.

 The Caucasian, Asian and African hair have different nanomechanical
properties. It appears that Asian hair has the highest hardness and
elastic modulus, followed by Caucasian and African hair.

« Hair exhibits viscoelastic properties.

« Hair scratches and gets damaged at high loads. Scratch depth is
higher for chemically damaged hair than virgin hair because it is softer.

« Tensile stresses cause lifting of outer cuticle at ~20% strain in virgin
hair, due to interlayer shear forces and separation between inner and
outer cuticle layers.

 Chemical and mechanical damage cause lift off and fracture of outer
cuticle (at 10% strain in mech. damaged hair, 20% in chem. damaged).

@™

NLBB
D)
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Nanotribological Characterization

Surface Roughness and Friction

Virgin and chemo-mechanically damaged hair
Caucasian hair

Virgin Chemo-mechanically damaged
Surface roughness Friction force Surface roughness Friction force
a0 0.25 250 025
{rori) __,_\f/_— — | e i e R
-0.25 =250

-*1 0 - Sum

fpm o5V

 Virgin hair: Intact cuticle, low friction

 Damaged hair: Severe cuticle wear, high friction due to an
increase in roughness and change in surface properties.

» True for all ethnicities

@
C. LaTorre and B. Bhushan, Ultramicroscopy 105, 115 (2005). N LL_IJB B
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 28 kU)



Virgin and virgin treated (commercial conditioner) hair

Caucasian hair

Virgin Virgin treated (commercial conditioner)
Surface roughness Friction force Surface roughness Friction force
250 025 250 025
_._.-'-""'_ =il -]
{fll'l'l:l _,--""'"_F'_ k i _— ¥ M 1
(V) pemhe (nm) \,ff
025

=230 025

5|.|rn
_
e Friction is similar between virgin and virgin treated hair |
. . . . . . F

« Virgin treated hair: high friction contrast due to sonere

meniscus contributions due to accumulation of E R “”f\

conditioner near cuticle edge Flat =

Liquid with surface tension vy

T f ” h L. F., = 2nRy (cosb, + cosb,)

 True for all ethnicities 7))
C. LaTorre and B. Bhushan, Ultramicroscopy 105, 115 (2005). (@

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 29



Durability Test - Effect of cycling with hard Si AFM tip

« Simulation of wear such as by
sand particles or combing

« Friction for virgin hair increased
(lipid layer worn away)

* Virgin treated hair showed no
increase of friction (protective
covering)

 Friction of chemically damaged
hair was high and remained
high

C. LaTorre and B. Bhushan, J. Vac. Sci. Technol. A 23, 1034 (2005)

Surface roughness of unworn and worn virgin hair

Friction force signal (V)

Before After 1000 cycles at
cycling 10 pN load

p

5

4

o

5 pm o 5 pm
Durability effects on friction force of
various hair

< virgin - A virgin treated 0 chemically damaged

< chemically damaged x chemically damaged
treated (1 cycle) treated (3 cycles)

—

W
e ' S am— o ——
200 400 600 800 1000 1200

Number of cycles

D)
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics 30 U



Summary

* Friction is higher on chemo-mechanically damaged hair
than on virgin hair, due to an increase in surface
roughness and change In surface properties.

e Friction is similar between virgin and virgin treated hair.

« Durability tests were performed to simulate wear such as
by sand loose particles.

* Friction for virgin hair increased due to lipid layer being
worn away.

* Virgin treated hair showed no increase of friction because
of the presence of conditioner which serves as a
protective covering.

« Friction of chemically damaged hair was high and
remained high.

)
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Conditioner Distribution Studies using AFM

Conditioner distribution mapping - treated damaged hair

TR surface height

TR phase angle

Sample |

Sample Il

10 um 0
500 nm 0

0
High TR phase contrast near cuticle edges

- conditioner collected at cuticle edges.
- conditioner Ia%/er IS unevenly distributed.

N. Chen and B. Bhushan, J. Micros. 220, 96 (200
Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics
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Conditioner film thickness estimation

Force (nN)

Force (nN)

B. Bhushan and G.S. Blackman, ASME J. Tribol. 113, 452 (1991); N. Chen and B. Bhushan, J. Micros. 221, 203 (2006);

Forces between the tip and hair surface

200
150 4
H
100+ h I Conditioner
1 | T Hair surface |
m T . .
] Virgin hair
0+ // 4 . )
1 |
> : / Treated hair
H
00 L ~——>1 . . ‘
40 80 120 160
200
150 4
{ Expanded scale
100 - )
1
50 - )
E Virgin hair Snap in
0 - .
I %
-50 | ST > \
| H | Treated hair
-100 { T T " T
0 20 40

Separation between sample and tip (nm)
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Film thickness mapping

Film thickness maps of various hair samples
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» Thickness of damaged hair (3.1 nm) is larger than virgin hair (2 nm).

« Damaging will partially remove the fatty-acid lipid layer and make
surface hydrophilic and amount of water adsorbed on the hair surface
Increases.

o After conditioner treatment, thickness increases (4.6 nm and 5.5 nm)

N. Chen and B. Bhushan, J. Micros. 221, 203 (2006) NLBB

R. Lodge and B. Bhushan, J. Vac. Sci. Technol. A 24, 12%8 $2006) , _— .
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Summary

« Conditioner unevenly distributes and thicker conditioner
film is found near the cuticle edges.

 Amino silicones seem to attach to hair and give low
friction (Data not shown).
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Surface Potential Studies using KPM

Introduction

 Hair is a good insulator (~1018 ohms/cm), and tends to develop significant
static surface charge.

« Surface charge on hair has significant effect on manageabillity, feel, and
appearance — “static flyaway effects”

Objective

* To measure local surface charge buildup on variety of hairs by Kelvin probe
microscopy

 Investigate the effect of damage, conditioner treatments, and humidity

Triboelectric charging

 Voltage applied across hair sample (0 — 2 V)

« Macroscale charging — hair rubbed with latex finger cot, 5 passes

» Nanoscale charging — conducting tip rubbed at 750 nN. 6V bias applied internally
to AFM to provide background potential contrast.

» Potential measured before and after rubbing using KPM (in-situ in nanoscale
charging)

R. Lodge and B. Bhushan, J. Colloid Interf. Sci. 310, 321 (2007); R. Lodge and B. Bhushan, J. Vac. Sci. Technol. A 25, 893 (2007); I.P. Seshadri and I‘r—wll
B. Bhushan, . J. Colloid Interf. Sci. 325, 580 (2008). NLBB
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Voltage gradient applied across hair sample

Average surface potential change at 50% RH
OoV-1V A 1v-2v

-
[4)]
o
o

» At 50% RH the potential change is near
1V for 1V change in applied potential.
This indicates water vapor in the air
Improves the charge mobility.

« At 10% RH, the potential charge is less
than 1V for 1V change in applied

1000

500

Average surface potential change (mV)

. g . Virgin Chemically Chemically
potential. The potential change in damaged - damaged
chemically damaged hair is lower than

. . [ H 0
that for virgin and conditioner treated Average surface potential change at 10% RH
ha|r 1500 O ov-1Vv 1V -2V

¥ A

1000
+ %9

500

« Both humidity and conditioner treated
hair increase the charge mobility which
allows dissipation of charge.

Average surface potential change (mV)

Virgin Chemically Chemically

damaged damaged,
treated
. I‘r—wil
R. Lodge and B. Bhushan, J. Vac. Sci. Technol. A 25, 893 (2007) N LL_EJ; B
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Triboelectric charging - Macroscale

« In chemically damaged hair with Average surface potential change

no lipid layer accumulated S 45
charge is not dissipated. 5
s 35
» The natural lipid layer on virgin § 2.5
hair surface and conditioner )
treatment increase mobility of £ '°
surface charges. This allows S s
dissipation of trapped charges ¢ — L
and reduces its amount. 0.5
Virgin Virgin Chemically Chemically
treated damaged damaged,
treated
R. Lodge and B. Bhushan, J. Colloid Interface Sci. 310, 321 (2007). N rL_El B
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Triboelectric charging - Nanoscale

200 » Average potential change
magnitudes - lesser on
50~ nanoscale | |
» Surface potential change is
highest in chemically damaged
100 - hair followed by virgin hair and

conditioner treated hair.

e Lipid layer on virgin hair and
conditioner increase the charge

Average surface potential change (mV)

qirspple i e s

16 mobility responsible for
Chemically Chemically decrease in charge
damaged  damaged, accumulation.

treated
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I.P. Seshadri and B. Bhushan, J. Colloid Interface Sci. 325, 580 (2008).
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Summary

* The Kelvin probe technique is a powerful tool to study the
surface potential characteristics of human hair.

* Applying voltage gradient across hair shows that
conditioner treatment and water vapor significantly
Increases charge mobility on the hair surface.

* Rubbing with latex finger cot and with an AFM tip
Increases charge on hair. Chemical damage increases
charge accumulation, and lipid layer on virgin hair and
conditioner treatment increases charge mobility (reduced
accumulation).
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Overall Summary

Human hair is a nano-composite biological fiber. A lipid layer
covers the outermost surface of cuticle which gets removed.

For a good dry and wet feel and combing with ease and
without entanglement, the hair surface should exhibit low
friction and adhesion against various surfaces.

Mechanical and chemical damage needs to be minimized. A
conditioner with lubricating ingredients can be used to
reduce damage.

Nanoscale characterization of cellular structure and
mechanical properties as well as morphological, friction,
adhesion and wear properties and role of surface charge are
needed.

These studies have been successfully carried out using an
AFM and nanoindenter.
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