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bstract

The characteristics of various pharmaceutical dosage forms are influenced by surface properties such as the friction behavior. For example, die
all friction is a key issue in developing a solid dosage form. However, the friction properties are not completely understood mainly because of the

ack of fundamental measurements. Herein, the friction behavior of pharmaceutical materials was investigated and compared with their adhesion
ehavior using atomic force microscopy. The sliding speed causes significant variations in the frictional force. Compared with other materials,
ubricant materials showed less distinct differences in friction tests than in adhesion tests, indicating the dependence of the lubricant efficiency on

he stress state. The three parameters obtained from the modified Amonton’s law, i.e., absolute frictional force, friction coefficient and residual
orce, showed consistent trends. Overall, the friction behavior was not a direct reflection of the adhesion forces. The intrinsic friction behavior of
single pharmaceutical particle can be quantified using atomic force microscopy.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Pharmaceutical dosage forms contain more than one com-
onent, and the construction of a delivery system out of the
omponents depends on their surface properties (Lee, 2004,
005; Simons et al., 2003; Michrafy et al., 2004; Podczeck et
l., 1995; Lam and Newton, 1991; Podczeck, 1998a,b, 1999;
brahim et al., 2000). Surface interactions between two particles
r a particle and the processing equipment influence the parame-
ers of a pharmaceutical formulation such as density distribution,
ablet strength, blending uniformity, flow characteristics, gran-
lation, disintegration, etc. (Lee, 2004, 2005; Podczeck et al.,
995; Lam and Newton, 1991; Alderborn and Nystrom, 1996;
ayama et al., 2003; Berard et al., 2002; Louey et al., 2001;
arstensen, 2001). Surface interactions are not simply based on
an der Waals interactions. There are many other factors that
eed to be considered carefully such as electrostatic, capillary,

pecific chemical bonding interactions, etc. (Lee, 2004, 2005;
sraelachvili, 2002). This also depends on the applied stress
onditions because the material response is a function of the
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tress conditions. The adhesion force mainly concerns the nor-
al stress conditions, and the frictional force related to the shear

onditions.
Friction is a measure of the interaction between surfaces in

elative motion (Israelachvili, 2002). Generally, a solid with a
igher surface energy has a higher level of friction than that
ith a lower surface energy (Israelachvili, 2002). The adhesion

orce is not always related to the frictional force (Yoshizawa
nd Israelachvili, 1994; Yoshizawa et al., 1993). There are
any cases with a strong adhesive force with a relatively low

rictional force and vice versa. It was reported in some cases
hat adhesion hysteresis is more important for assessing the
riction force than the surface energy (Chaudhury and Owen,
993).

The friction behavior has been an important subject for
ecades, but there is a little fundamental understanding and
easurement technique of this behavior in the pharmaceutical

rea (Michrafy et al., 2004; Podczeck et al., 1995; Alderborn
nd Nystrom, 1996; Bhushan and Kionkar, 1994). For example,
olid dosage forms are being made using a metal die, and die

ticking continues to be a serious problem in the pharmaceutical
nit operation (Lee, 2004; Alderborn and Nystrom, 1996). Most
harmaceutical industries use empirical approaches to deal
ith these problems. Despite the importance of the problems
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ssociated with the sticking behavior, the problem solving
trategy is suffering a lack of fundamental understanding.

The macroscopic friction behavior and related pharmaceu-
ical problems reflect the properties of individual or multiple
article(s), i.e., particle size, shape, density, size distribution,
tc. The properties of particles are based on their nanoscopic
roperties, i.e., intrinsic friction per unit surface area of a sin-
le particle (Simons et al., 2003; Louey et al., 2001; Sindel
nd Zimmermann, 2001). Indeed, measuring the friction on the
anometer scale is intriguing because it can be a starting point
or a systematic analysis of macroscopic friction (Bhushan and
ionkar, 1994; Clear and Nealey, 1999; Bergström and Meurk,
002; Tsukruk and Bliznyuk, 1998; Kim et al., 2002; Noy et
l., 1995; Frisbie et al., 1994). A direct relationship between the
anoscopic observations and the macroscopic problems of many
article systems is a separate subject because of the many other
ntervening parameters.

Atomic force microscopy (AFM) has been used to exam-
ne the nanoscopic properties of various materials (Yoshizawa
nd Israelachvili, 1994; Yoshizawa et al., 1993; Chaudhury and
wen, 1993; Bhushan and Kionkar, 1994; Clear and Nealey,
999; Bergström and Meurk, 2002; Tsukruk and Bliznyuk,
998; Kim et al., 2002; Ducker et al., 1991, 1992; Haugstad
nd Gladfelter, 1994; Tortonese and Kirk, 1997). A particle
an be attached onto a cantilever, and the interactions when
t comes into contact with another particle surface can be

easured by AFM. The surface frictional forces cause the
antilever to twist when it is moved back and forth perpen-
icular to the cantilever axis (Ducker et al., 1991). AFM
easures the degree of twisting, normal deflection, and the

-position of the cantilever, which are later converted to fric-
ional and normal force data. The first observations of the
riction and stick–slip behavior on the nanometer scale using
FM were reported in 1990. Shortly after, the successful
easurements of adhesion (normal force) between two sur-

aces were reported (Ducker et al., 1991, 1992; Mate et al.,
987).

Our previous reports (Lee, 2004, 2005) focused on the adhe-
ion behavior of pharmaceutical materials under a normal stress
tate. In particular, the sticking problems in compaction were our
arget (Lee, 2004). Thus, a stainless steel particle was attached
o a tipless cantilever and used as the AFM probe against the
urfaces of various pharmaceutical materials ranging from lubri-
ants to drug particles. Distinct differences between the adhesion
roperties of various particles were found. The adhesion forces
f lubricants were generally less than one-third of those of other
harmaceutical materials (Lee, 2004).

The sticking issues are related not only with surface adhesion
ut also with friction between the particles and die wall. Signifi-
ant particle movement during compaction makes the frictional
orce a key concern (Alderborn and Nystrom, 1996). Therefore,
his study made a systematic assessment of the friction behavior
f pharmaceutical materials. For comparison, the same pharma-

eutical materials and AFM used in our previous investigation
n adhesion forces (Lee, 2004) were used in this study. In this
pproach, the mode of AFM operation and the size of the inter-
cting surface area were different. The friction coefficients were

2

m
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ssessed by varying the normal force and compared with the
dhesion forces previously reported (Lee, 2004). To the best of
ur knowledge, the friction behavior of common pharmaceuti-
al materials has never been examined. This study highlights
he feasibility and applicability of AFM friction techniques for
harmaceutical research and development.

. Materials and methods

.1. Materials

Stainless steel spherical particles were obtained from
ISI 316 powder (Goodfellow). Magnesium stearate (MS,
allinkrodt), sodium strearyl fumarate (SF, Pruv®, Pen-
est), lactose monohydrate fast flo (LT, Foremost), and

cetaminophen (AP, Aldrich, N-acetyl-p-aminophenol) were
sed as received. Norland optical adhesive 81 was used to
mmobilize the particles, which was a typical one for mini-

izing possible surface contamination from its own evaporable
omponents. Further details are reported elsewhere (Lee, 2004,
005).

.2. Sample preparation

The immobilized particle beds or compacts were used for
he friction tests. Compacts of LT and AP were prepared under
00 MPa for a 10 s dwell time using a Carver press hydraulic unit
3912. In order to have a flat surface for the AFM examination,
ne face of the compact was covered with a silicon wafer that had
reviously been cleaned with n-heptane and ethanol for 2 min.
lthough the silicon wafer often broke during compaction, a flat

urface sufficiently large for AFM investigations was obtained.
he MS and SF particles were attached to glass slides with a

hin layer of the same adhesive. The estimated thickness of the
ayer was <1 �m based on optical microscopy observations of
he thickness and interference color (Hecht, 1987). The particles
ere immobilized by curing the adhesive using a spectroline UV

amp (Model UV-4B, 365 nm) for 30 min (10 cm away from the
ight source).

.3. Characterizations of particles

For an AFM topographical investigation, a DimensionTM

100 scanning probe microscope (Digital Instruments) with a
I DAFMF2X closed loop scanner head was used on a VT-
03-3K Isolation System table. An 1 �m × 1 �m surface was
canned in tapping mode under ambient conditions using TESP
r TESP7 etched single crystal silicon probes (Digital Instru-
ents, 20–100 N/m force constant and 200–400 kHz resonance

requency). The surface roughness was calculated from 10
urface images using SPIP software (Image Metrology Aps.,
ersion 2.3214).
.4. AFM measurements

The stainless steel tips were prepared using micro- and nano-
anipulators, a KITE-R (World Precision Instruments) and
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specimen stage of a microindentor (CSEM Micro-hardness
ester). The AFM cantilever used was a NanoprobeTM SPM
NP-S. A sphere was attached onto the tip region of a cantilever
sing a limited amount of adhesive, which was later cured using a
V lamp for 30 min. The friction measurements were performed

t a scan size of 2 �m × 2 �m. The samples were scanned back
nd forth in a direction orthogonal to the longitudinal direc-
ion of the cantilever beam. The amount of cantilever twisting
as recorded, and the resulting friction loop (Fig. 1a) was ana-

yzed. The particle tips prepared as described above were used.
herefore, simultaneous measurements of the frictional force
nd surface roughness, which is commonly used for eliminat-

ng the effect of misalignment, were not possible (Mate et al.,
987). During the measurements, the temperature was set to
9.6–20.7 ◦C. The lateral (shear) spring constant, klat, was cal-
ulated from the measured normal spring constant, k, using the

a
s
f
r

ig. 1. Typical raw data (friction loop) of AFM friction measurements and ESEM m
eight (left) and friction (right) images of the surface of a LT compact (b). The scale b
-axis are the detector signal and the lateral displacement of the sample perpendicular
maceutics 340 (2007) 191–197 193

ethod reported in the literature (Noy et al., 1995). Briefly, klat
s

lat = 2

6 cos2 θ + 3(1 + γ) sin2 θ

(
L

H

)2

k

here θ is the angle between the base arms of the triangular can-
ilever, � the Poisson ratio, L the length of the cantilever beam
nd H is the length of tip. The normal k was measured using the
ethod described elsewhere (Tortonese and Kirk, 1997). (Typ-

cal values: k = 0.1149, klat = 1.2414.) The method based on the
eam theories provides only limited accuracy but was sufficient
or this comparison study (Tortonese and Kirk, 1997; Sader et

l., 1995; Cleveland et al., 1993). Unless otherwise specified, the
canning speed was 2.00 �m/s. The statistical distribution of the
rictional force data was checked each time following the method
eported elsewhere (Sindel and Zimmermann, 2001; Tortonese

icrograph of AFM cantilever modified by a stainless steel sphere (a) and AFM
ar inside the ESEM micrograph is 50 �m. In the friction loop of LT, the y- and
to the principal axis of a cantilever for 2 �m trace–retrace cycles, respectively.
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trigger little variation in the normal forces. Most of the data
points of loading precisely overlap those of unloading.

The absolute values of the frictional force were directly
related to the residual forces in the modified Amonton’s law
94 J. Lee / International Journal of

nd Kirk, 1997; Beach et al., 2002; Fuji et al., 1999; Xiao and
ian, 2000; Li et al., 1993; Larson et al., 1993; Villarrubia,
994; Eve et al., 2002). The possibility of surface contamina-
ion was checked using the procedure reported in the literature
Lee, 2004).

. Results

In order to understand the friction behavior of pharmaceuti-
al materials, some essential properties need to be mentioned as
ackground information. The other general physical properties
re available elsewhere (Lee, 2004). The radius of the stainless
teel particle attached to the cantilever was 15.05 (±0.02) �m.
he root-mean-square (r.m.s.) surface roughness values of the
tainless steel, MS, SF, LT and AP measured by AFM were
.2 (±2.7), 44.6 (±12.1), 23.4 (±2.3), 21.5 (±6.0), and 4.0
±3.3) nm, respectively. These values can affect the absolute
rictional and normal forces but theoretically do not affect the
riction coefficients. Many macroscopic measurements have
hown that there is no correlation between both the average and
.m.s. surface roughness values and the relative values of the
dhesion forces of pharmaceutical materials (Podczeck et al.,
995; Podczeck, 1998a,b, 1999).

The frictional force measurements provide loop type raw data
friction loop) showing cantilever twisting depending on the
canning direction. Fig. 1a shows a typical friction loop where
trace and a retrace curve form a closed loop, and one-half of

he difference between them corresponds to the frictional force.
he lateral spring constant of the cantilever and the sensitivity
f the optical detector were used to convert the raw data, as
escribed above. In Fig. 1a, no significant stick–slip behavior
as observed, as reported elsewhere (Israelachvili, 2002). The
etails of the friction loop often reflect the surface topology, even
hough the effect of the surface topology on the friction coef-
cient can be negligible. In addition, Fig. 1a shows the misfit
etween the peaks of the trace and retrace curves.

A friction loop curve does not necessarily reflect the sur-
ace topology. This is supported by Fig. 1b, which shows the
ifferences between the height and friction images. Features
learly visible in the height image are not always noticeable
n the other image. Therefore, the result obtained from the fric-
ional force measurement can be treated as separate information
istinct from the one obtained from the height (or even phase)
maging.

There are many variables that are important when measuring
he frictional force. Among them, the effect of the sliding speed
f a cantilever on the frictional force was found to be signifi-
ant (Fig. 2). The frictional force rapidly increases as the sliding
peed increases up to 2 �m/s. Within the operating window of the
FM, the frictional forces appear to reach their steady-state val-
es at a sliding speed >2 �m/s regardless of the normal force. A
light decrease in the frictional forces might be noticed >2 �m/s,
ut these changes are within the experimental error.
Fig. 3 shows the typical relationship between the normal and
rictional forces. The data points were obtained during the step
ncrease (loading) and subsequent decrease (unloading) in the
ormal force by controlling the set point of the AFM. In all data

F
s

ig. 2. Effect of sliding speed on the friction force between stainless steel and
P under various normal forces (20, 36, and 46 nN).

ets, the slope of unloading (open symbols) is always smaller
han that of loading (closed symbols), and the unloading data has
igher absolute force values than the loading data. The signifi-
ant hysteresis between the loading and unloading results arises
ainly from the hysteresis in the frictional force, not from the

ysteresis in the normal force. The possible hysteresis in the
ormal force was checked without lateral movement. The plot
f the normal force as a function of the set point in Fig. 4 shows
hat any hysteresis is insignificant. The changes in the set point
ig. 3. Friction force development as a function of normal force in stainless
teel/AP during loading (closed symbols) and unloading (open symbols).
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friction cases, the initial contact between two surfaces causes
ig. 4. Normal force development as a function of set point in stainless steel/AP
uring loading and unloading.

Yoshizawa et al., 1993; Bergström and Meurk, 2002; Heim et
l., 1999). The residual forces were higher in the following order:
T (303 nN, correlation coefficient, cc = 0.050), AP (181 nN,
c = 0.021), MS (92 nN, cc = 0.070), and SF (42 nN, cc = 0.137)
average values from 65 repeated measurements). Each one of
hem showed rather different residual force values, while all the
riction coefficients were in the same order (Fig. 5).

The reason why the absolute force of LT was significantly
igher than the others (Fig. 3) might be due to differences in the
ontact area. The contact area between the stainless steel parti-
le tip and the pharmaceutical particles was neither controlled
or measured. Therefore, the absolute values of the frictional
orce and residual force would vary significantly because each
ngagement of a stainless steel particle tip results in a different
ontact area. Fig. 3 shows the typical data for each material.

To calculate the friction coefficients, the results of 65 mea-
urements were averaged. Fig. 5 shows the average values with
he adhesion force data previously reported (Lee, 2004). The
riction coefficients of the two lubricants, i.e., MS and SF, were
enerally lower than those of LT and AP, which is a similar trend
o what the adhesion force result shows. However, the difference
n the friction coefficient between the lubricants (MS and SF)
nd the others was much smaller than the difference in the adhe-
ion force. While the adhesion forces of MS and SF are <25% of
he adhesion force of AP, the frictional forces of MS and LT are
nly marginally smaller than that of AP. Hence, the role of phar-
aceutical lubricants appears to originate from their adhesion

roperties and not from their friction properties. Furthermore,
P has a much higher adhesion force but a slightly smaller fric-

ion coefficient than LT. These results are consistent with the

nowledge that the friction coefficient does not reflect the abso-
ute values of the adhesion force (Yoshizawa and Israelachvili,
994; Yoshizawa et al., 1993).

d
t
e

ig. 5. Comparison between friction coefficients and adhesion forces of various
harmaceutical materials with stainless steel. The adhesion force data are taken
rom the previous report (Lee, 2004) for comparison.

. Discussion

The fundamentals of the friction coefficient were success-
ully described by Amonton’s law, which defines the coefficient,
, as Ff/W, where Ff denotes the frictional force and W is the

orce normal to the surface (Israelachvili, 2002; Yoshizawa et al.,
993; Bergström and Meurk, 2002; Heim et al., 1999). Accord-
ng to the original hypothesis, the coefficient is independent of
he contact area and normal force. The common friction results
n a better fit to the linear function of the applied normal force
ith a nonzero intercept, which is a more generalized treatment

modified Amonton’s law) (Yoshizawa et al., 1993; Bergström
nd Meurk, 2002; Heim et al., 1999). The frictional force is
elated to the applied normal force as follows:

f = μW + Fo

here μ is the kinetic friction coefficient and Fo is the residual
orce or force that is not accounted for by the spring normal
orce. The residual force is considered to be a function of the
urface free energy.

More complicated aspects need to be considered for the
ctual frictional force measurements. Friction generates surface
eformation and a local increase in temperature. In most actual
eformation eventually leading to multiple contacts. Therefore,
he true contact area, which is much less than the initial (appar-
nt) area, is hard to quantify. It significantly depends on the
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ormal force and loading history. When the normal force is
elatively large, the contact area is determined by the yield
ressure of the material, and when normal force is small, the
ontact area often scales with two-thirds of the normal force
Yoshizawa and Israelachvili, 1994; Yoshizawa et al., 1993;
hushan and Sundararajan, 1998). Local increases in temper-
ture due to friction can cause surface deformation, changes in
he contact area, modification of the surface materials, prop-
rties, etc. These kinetic influences can be added to intrinsic
riction properties, and might be a major factor in determining
he scanning speed dependence of the frictional force shown in
ig. 2. Therefore, a slight change in frictional force, even above
�m/s, is not surprising.

Similar to what the previous adhesion results have shown
Lee, 2004), the characteristics of two common pharmaceutical
ubricants, MS and SF, were confirmed again in the three fric-
ion results, i.e., absolute frictional force, friction coefficient and
esidual force. These materials have unique adhesion and friction
ehavior that is different from other pharmaceutical particles.
owever, compared with the adhesion results (Lee, 2004), their

elative differences in friction were rather small, often within
he error (Fig. 5). The intrinsic friction properties of MS and
F might contribute less to their lubrication capabilities than to

heir intrinsic adhesion properties. This means that the lubrica-
ion effect would be better under normal stress than under shear
tress conditions. It is natural that materials respond differently
nder different stress conditions.

According to the previous discussion, reducing friction
ppears to be less effective than reducing the level of adhesion
sing the same amount of MS or SF. However, this can only be
rue if other macro- and microscopic characteristics such as the
article size, shape, aspect ratio, etc. can be kept constant. The
acroscopic friction behavior could be noticeably different from

he nanoscopic behavior. Nevertheless, the single particle fric-
ion results obtained in this study are important intrinsic factors
n determining the macroscopic behavior. Although further stud-
es will be needed to interconnect the nanoscopic behavior with
he macroscopic one, single particle friction measurement is a
seful starting point for understanding the complicated behavior
f pharmaceutical materials.

. Conclusions

The intrinsic friction behavior of single pharmaceutical parti-
les was successfully examined using atomic force microscopy.

stainless steel sphere was used as the probe attached onto
cantilever, and its interactions with particles of magnesium

tearate, sodium strearyl fumarate, lactose, and acetaminophen
ere examined. The typical friction loop curves did not show

tick–slip friction, which is common in macroscopic friction
ests. The sliding speed effect was found to be significant sug-
esting the existence of kinetic influences. Compared with the
revious study on the adhesion behavior of the same materials,

he friction measurements showed relatively small differences
n the friction coefficients of the different materials. The rel-
tive order between the friction coefficients of lactose and
cetaminophen was different from that between their adhe-

H
H

maceutics 340 (2007) 191–197

ion forces. This is consistent with the comparison between
he friction and height images. These results show that there
s no significant correlation between the friction coefficient and
he adhesion force. The decrease in friction using magnesium
tearate or sodium strearyl fumarate might be less efficient than
he decrease in adhesion using the same materials.
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