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Estimation of microscopic rubbing alignment parameters 
by A. J. PIDDUCK*, G. P. BRYAN-BROWN, S. D. HASLAM 

and R. BANNISTER 
Defence Research Agency (DRA), St Andrews Road, Malvern, 

Worcs. WR14 3PS, UK 

(Received 3 April 1996; in $nu1 form 17 June 1996; accepted 28 June 1996) 

We report an examination of the cloth-rubbing process, widely used to effect liquid crystal 
alignment, from a simplified microscopic perspective. We define strength of rubbing by the 
average applied force per rubbing fibre (approximately 11-22 pN under our conditions, 
assuming all fibres passing the surface make contact), and extent of rubbing by the fraction 
of total surface area contacted during the process. Fibre-surface microscopic contact widths 
estimated from atomic force microscopy images of rubbed alignment polymer surfaces were 
in the range 10-500nm. Taking 100nm as an average value, we show that the entire alignment 
surface may be contacted several times during a typical rubbing process. Fibre-surface contact 
shear stresses can approach the GPa range, several orders of magnitude greater than the 
macroscopic rubbing pressure. 

Liquid crystal (LC) alignment in commercial nematic 
LC displays is widely achieved by the unidirectional 
cloth-rubbing of thin polymer films overlying the elec- 
trodes [ 1,2]. The mechanics of the rubbing process 
have to date been defined by macroscopic parameters. 
Becker et al. [3]  measured the work done per unit area 
during the rubbing process. Uchida et al. [4] proposed 
a rubbing strength parameter RS=yL,  where L is the 
length of cloth passing any given point on the surface 
during the rubbing process (the rubbing length) and y is 
an undefined parameter related to rubbing pressure, 
fibre density and coefficient of friction. The rubbing is, 
however, intrinsically a microscopic process, involving 
mechanical interactions between individual rubbing 
fibres and the polymer surface. This is demonstrated 
particularly clearly by the rubbing-induced surface topo- 
graphic features observed in recent atomic force micro- 
scopy (AFM) studies of polymer alignment layers 
[ 5-12]. In the present paper we therefore propose 
definitions for rubbing parameters from a microscopic 
perspective, and attempt their determination for our 
own experimental conditions. We use the average force 
per fibre F,, as a measure of rubbing strength, and the 
‘rubbing ratio’ (RR) of contacted to actual surface area, 
which is derived from estimates of the fibre-surface 
contact width wf, as a measure of the extent or density 
of rubbing. If meaningful average values for Ff and wf 
can be determined they provide the basis for a funda- 
mental description of the fibre-surface contact mech- 
anics, which may be helpful in identifying opportunities 
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for improved control of the rubbing process. With this 
aim in mind, we also briefly discuss the relationship 
between Ff and wf, and the stresses, temperatures and 
time scales occurring within the contact zone. 

The macroscopic rubbing length parameter L, is 
defined for roller rubbing by [4, 131: 

(1) 

where r is the roller radius, P is the length of cloth 
pressing against the substrate, v is the roller rotation 
rate (rpm), s is the substrate translation speed, and N is 
the total number of passes of the substrate by the roller; 
P = (2rd)l/*, where 6 is the maximum pile deformation. 
Seo 1141 proposed a modified rubbing parameter as 
given by ( l ) ,  but with / replaced directly by 6. The 
equivalent microscopic parameter, nf the number of 
fibres passing a position of unit width during rubbing, 
is given from the areal density of fibres in the rubbing 
cloth of: 

L = N / (  2nrv/60s f 1 ) 

nf = Lof (2) 
Assuming that all fibres within L contact the surface, 

Ff is given by: 

F f  = FN/bbaf (3) 
where F ,  is the macroscopic normal force applied during 
the rubbing process and b is the width of the substrate 
being rubbed. In roller rubbing, clearly the rubbing force 
varies across b from low values at the leading and 
trailing edges, passing through a maximum where the 
pile deformation is a maximum. Thus a well-defined 
average value for Ff cannot be expected, but rather a 
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value which represents a range of forces across the 
majority of the contacted area. Assuming simple elastic 
deformation. with fibre force varying in proportion to 
the local pilc deformation across f, and neglecting 
interactions between fibres, the maximum force (FmaX) 
will be 53°/o grcatcr than the average value (Ff), and the 
force will be between F,/2 and F,,, over 80% of the 
distance / .  I T  the distribution of F across f is flatter 
than in the simple elastic deformation model, or if all 
fibrcs do 1101 make surface contact at all positions, then 
Fr as defined by equation (3)  will be an underestimate. 

I f  the average width of the microscopic fibre-surface 
contact \,vf is known, then the rubbing ratio R R  can be 
estimated from: 

R R  = W , . J ~ ~  (4 )  

Since \vf cannot readily be directly measured, it must be 
inferred from careful interpretation of rubbing-induced 
topographic features in AFM images. 

Alignment layers were prepared using polyamide 
iniide Probimide 32 (PT32, Ciba-Geigy Ltd.) and polyi- 
midc AL5417 (Japan Synthetic Rubber Co.). Films of 
20-60nm nominal thickness were spun down onto pol- 
ishcd glass plates coated with indium tin oxide (ITO), 
and cured at the manufacturer's recommended bake 
temperature ( 170-300°C). Rubbing was performed using 
a l00mm diameter roller covered with rayon cloth 
pressed down onto the plates so as to give a constant 
drum motor torque, corresponding with constant friction 
force. The rayon clolh pile was approximately 1 mm 
deep, and the maximum pile deformation during rubbing 
was approximately 0.3 mm, giving a roller contact length 
/ =  1 1  mm. The normal force ( f " )  and lateral force 
during rubbing of a 150mm square plate coated with 
PI32 under the standard rubbing conditions were deter- 
mined to be approximately 5.5 N and 3.0 N, respectively, 
giving a dynamic friction coefficient p of 0.54. p decreased 
from 0.58 to 0.53 as F ,  was increased from 2 to 7N.  
Layers were prepared with u = 120 rpm, giving a relative 
fibre-surface velocity 12 of 0 6 m  s-' .  and with N = 2  and 
6, giving rubbing lengths L of 500mm and 1500mm, 
respectively. Alignment layers prepared with L = 

1500 mm gave strong and uniform azimuthal anchoring 
(estimated azimuthal anchoring energy W, in excess of 
10 ' Jm 2 ,  and prctilt values of 2--4' measured for LC 
cells filled with nematic mixture E7 (Merck U K  Ltd.) 
by thc crystal rotation method [ l5]  at room 
temperature. 

The number of fibres per unit area of rubbing cloth 
(T, was obtained from large area field cmission scanning 
elcctron microscopy (SEM) images of the rubbing cloth 
used. Values of m, varied in the range 150-300mm~2 at 
dilTerent positions. Therefore, from equation (2)  pif is 
0.22-0.45 nm - and on average one fibre every 2-4.5 nm 

passes across the substrate surfacc during the rubbing 
process. From equation ( 3 ) ,  F ,  is 11 22uN. Closc-up 
SEM images of the fibre terminations. such as in figure 1, 
showed the fibres, of overall diameter 10-20 pni. to have 
crcnellated cross-sections with individual ridges of 
2 5 pm diameter. 

Rubbing-induced topographic features observed by 
tapping mode AFM (Nanoscope IT1 or Dimension 3000 
AFM, Digital Instruments Corp., USA) on AL.5417 and 
PI32, have been described in detail previously [lo]. The 
features include (a) occasional deep scratches of > 5 am 
peak-to-valley hcight and approximately 10 pm average 
spacing, (b) a high density of shallow scratches 
(depth <2nm, and mostly < 1 nm), and (c) in  the case of 
AL5417, but not P132: > 109cm-* nanoscale surface 
islands (nanoislands) attributed to the balling up of loose 
polymer chains created during surfacc shearing. A par- 
ticularly striking feature on the less strongly rubbed 
polymers (with L = 500 mm) was the quasi-periodic 
arrangement of nanoislands in the case of A1.5417. and 
of background texture in the case of PI32. This effect is 
clear from thc AFM images in figurc 2. From this 
observation it was concluded that initial rubbing takes 
place by a stick-slip mechanism. with the slip phase 
involving balling of the nanoislands in the case of 
AL5417. Subsequent rubbing contact of regions with 
quasi-periodic features results in a tendency to ran- 
domise their distribution. 

Since the number density of deeper scratches is 
such a small fraction of nf (< 1 in 1000). these must be 
defect-related features. This is consistent with their origin 
from relatively hard and sharp asperities. such as foreign 
material embedded in or trapped by the rubbing fibres. 
Thus tvf cannot be estimated from these deeper scratch 
marks. The number density of shallow scratches, with 

Figure I .  SEM micrograph showing thc tcrimination of a 
rubbing fibre after use. 
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Figure 2. 2.5 p-square AFM images from rubbed (a) AL5417 
and (h) PI32 after L=500mm; the rubbing direction is 
vertical in each case. 

widths of 10-50nm, at a maximum of 10ymp' after 
L=500mm, is still small compared with nf= 
75-150yrn-l, suggesting that these also may not form 
the majority contact. 

The relatively uniform surface coverage by nanois- 
lands in the case of AL5417, and by background marks 
in the case of PI32, even after L = 500 mm, suggests that 
it is more appropriate to base estimates of average 
contact areas on these features. Their widths after the 
first pass by a fibre may provide a measure of wf. 
Subsequent passes will cause features to ovcrlap and, in 
the case of nanoislands, a tendency for them to be moved 
together, swept up or squeezed outwards from the 
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contact. Feature widths after partial rubbing (L= 
500mm) were frequently in the range 100-300nm, and 
occasionally about 500 nm. The period of nanoislands 
on AL5417 and background marks on PI32 may likewise 
provide an upper estimate of the length of the fibre- 
surface contact, as the fibre slips to its next position 
leaving the mark or nanoisland behind. Typical periods 
of 100-200 nm were observed. Similar widths and lengths 
of the contacts might be expected if fibre terminations 
were the main contact point with the surface. 

AFM feature widths relate to the width over which 
surface plastic deformation has occurred. They may give 
an overestimate of the true fibre-surface contact width 
wf due to plastic deformation occurring around the 
contact zone (see figure 3), or lateral movement of 
nanoparticles after formation. We therefore take a value 
of 100nm, at the lower end of the range of quasi-periodic 
feature widths, as a conservative estimate of wf. This 
leads to RR=7.5-15 after L= 1500mm. It is not surpris- 
ing from this that a conclusion from the topographic 
study [ 101 was that the entire alignment polymer surface 
had been modified during the rubbing process. 

Figure 3 shows a schematic of the isolated fibre- 
surface interaction. The alignment layer surface experi- 
ences a travelling microscopic shear stress pulse, with a 
tendency to produce in-plane compression ahead of the 
contact and tension behind it. The fibre surface experi- 
ences an opposite shear stress. modulated at the fre- 
quency of stick-slip, if this is occurring. The extent of 
resulting elastic and plastic deformation depends on the 
materials involved and on the stresses, stress rates and 
temperatures occurring in and around the contact zone, 
which we will now briefly consider. It is proposed that 
plastic deformation by shear yielding produces, by a 

I relaxation excitation 
b 

(compression) 
V i 4  (tension) 

I 

Figure 3. Schematic illustration showing the deformation 
around a fibre-surface microscopic mechanical contact 
region under an applied normal force F,/c at  a velocity 
o= 0.6m s-'. 
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process resembling cold drawing, the polymer chain 
orientation believed responsible for LC alignment [ 161. 

The normal pressure and shear stress within the fibre- 
surface contact zone are given approximately by 4Ff/ 
mwf2 and 4,~tF~,Jcw:, respectively, where c is the average 
number of surface contacts per fibre. Assuming that 1 
or 2 contacts per fibre are probable and values of 0 or 
> 2  less probable, gives shear stresses of 0.4-1.5GPa 
with wf=  100nm. Given the range of AFM feature widths 
(10-500nm). this can be taken as only a mid-range 
estimate of actual contact stresses. The true values will 
furthermore fluctuate with position across the contact 
zone, since the larger contact areas may comprise several 
nano-asperity contacts, and also with time as a con- 
scqucnce of stick-slip motion. Since surface plastic 
deformation is clearly occurring across the contact width, 
the normal and shear contact stresses given above may 
be equated with the yield stress ( Y )  and critical shear 
stress (S). respectively, under the conditions of rubbing. 
The range of S estimated exceeds the values of 
< 0-06 GPa reported for many polymers at slow sliding 
speeds [ 171. The difference reflects the viscoelastic 
nature of polymers, and the much reduced opportunity 
for plastic flow at the high rubbing velocity u. At z'= 

0.6 m s - l ,  the contact length corresponds to a pressure 
pulse with a peak duration of - 0 . 2 ~ ~ .  This indicates 
that could be largely determined by the mechanical 
response at M HI: frequencies, where high elastic moduli 
and low viscous energy loss are expected. A Hertzian 
model of sphere-flat contact predicts an elastic contact 
radius given by (3FfR/4cE)"-', where R is the sphere 
radius and E the Young's moduli of the materials 
involved. Taking R = 1-2.5 pm (the radius of fibre crenel- 
lations) and E =  2 -1 1 GPa as a range typical of stiffer 
polymers [ 181 gives elastic contact diameters of 
150-500 nm. comparable with AFM quasi-periodic 
feature widths. 

The contact temperature rise ( T , )  above the rubbing 
temperature (room temperature) has been estimated by 
Mada and Sonoda [ 191 using a simple heat-flow model 
outlined by Harper 1201. is approximately given by 
7trh,mY,/4(kI + I<-,), where rh is the radius of contacted 
hot-spot and k,(k,) are the alignment polymer (fibre) 
Lhermal conductivities. Equating rh with wf/2, T,  values 
of 45 ~ 180 K are predicted with Y = 0.7-2.8 GPa (i.e. wf= 
100nm) and k ,  = k,=0.1 Jm-'s-'K-'. This T,  range, 
which is subject to considerable uncertainties, compares 
with a value of 230K obtained by Mada and Sonoda 
using very different values of Y and 11. Our estimated 
contact temperatures are lower than glass transition 
temperatures, q. reported for alignment polymides, 
which may exceed 300°C [21,22]. However, many glassy 
polymers remain ductile below their T, especially under 
high compressive stress which, as figure 3 shows, 

occurs both ahead of and beneath the fibre contact. 
Furthermore, much of the polymer alignment is known 
to take place in the top fewnm of the film [21,22] 
where the polymer structure and impurity levels may 
differ substantially from the bulk. Significant lowering 
of has been measured in ultra-thin polymer films 
[ 231, indicating enhanced near-surface mobility and 
ease of molecular reorientation. For these reasons, near- 
surface orientation of polymer chain segments may 
occur even if temperatures are well below the bulk Tg. 
Surface chain alignment may occur both within the 
contact zone and in the near-surface region immediately 
around this where the polymer is under shear or tension, 
relatively unconstrained, and remains warm for a transi- 
ent period. Triboelectric effects, due to electronic excita- 
tion by high fields established across the contact. may 
also play a role 1201. 

In conclusion, we have used macroscopic measure- 
ments of the rubbing process mechanics, in conjunction 
with an interpretation of microscopic rubbing-induced 
surface topographic features, to estimate micromechan- 
ical properties of the fibre-surface contact. The necessar- 
ily simplistic analysis treats cloth fibres as isolated and 
assumes most, if not all, contact the surface at 1 or 2 
points. The results show that a mild macroscopic rubbing 
pressure ( -., 3.3 kPa), when transmitted to the surface 
through individual fibre points of contact, belies aggress- 
ive microscopic contact pressures estimated to be near 
the GPa range. It is confirmed that the thermo- 
viscoelastic properties of near-surface regions of the 
polymer film and rubbing fibres, as well as of any 
intervening surface layer, are critical to an understanding 
of the microscopic process. It is also estimated that 
during our standard rubbing conditions, the entire sur- 
face may have been contacted approximately 10 times. 
Both this degree of over-rubbing, and the surface contact 
forces in use, may exceed the mechanical conditions 
strictly necessary to effect polymer surface alignment. 
The incidence of rubbing-induced defects can be lowered 
if the harshness of the rubbing treatment can be 
minimised without reducing its effectiveness. 

The authors are indebted to C. Reeves for SEM 
imaging, and to I.C. Sage, S. Cunningham and 
K .  Blackwood for helpful discussions. This work was 
supported by EC ESPRIT I1 programme ECAMII 
(AMAT work package). 
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