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The centrifuge technique, which has been previously used in adhesion experiments, has 
been modified for use in single particle friction studies. Both flat compacted surfaces and 
large single particles were used as substrate surfaces to allow assessment of drug-drug, 
drug-drug carrier and drug carrier-drug carrier friction forces. Particle size, particle shape 
and surface roughness were identified as main factors influencing the change from a static 
into a dynamic friction process and the division between friction due to adhesion and 
ploughing. The forces of adhesion and friction were found to be proportional to the 
reversible energy of adhesion. The ratio between the force of adhesion and the press-on 
force applied and the ratio between the force of friction and the press-on force can be related 
to the yield stress and the reduced Young's modulus of the materials in contact. 

1. Introduct ion 
Friction phenomena play a key role in handling of 
powders, such as powder flow, powder compression or 
lubrication. In the field of pharmaceutics, friction has 
been mainly studied on the bulk properties of a pow- 
der [1, 2]. Alternatively, compacts such as tablets have 
been used [3, 4] to study the phenomena. However, in 
the latter case the particle surface properties may not 
necessarily be reflected by the surface of the compacts. 
In powder aerosol preparations small drug particles 
are added to carrier particles to aid subdivision of the 
dose and administration to the patient. A balance of 
adhesion forces is necessary to achieve subdivision of 
the dose, yet allowing particle detachment of the res- 
pirable drug particles during inhalation. In addition to 
adhesion forces, friction between the drug carrier 
particles and the drug substance particles will be 
involved during the detachment process. A model to 
study single particle friction was first described by 
Zimon [5]. Using Zimon's approach, a value for the 
static friction force can be derived. An indirect 
method, i.e. the assessment of the force needed to clean 
a semiconductor surface, was described by Khilnani 
[6]. Here, the cleaning force depends on the angle 
between force vector and surface and the coefficient 
of friction. Measuring the necessary cleaning force 
at a given angle, the coefficient of friction could be 
calculated. Recently, Podczeck et al. [7] have re- 
ported an approach to measure the friction force of 
single particles on plastic surfaces adapting a centri- 
fuge technique [8, 9] originally used in adhesion 
measurements. 

The classical theory of friction [10] describes the 
friction force, Ffrlct, as a resultant force due to ad- 
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hesion,  Fad , and ploughing, Fm 

Ffrict = Fad + Fp1 (1) 

Sometimes a third mechanism, which is the friction 
due to deformation of asperities of the contacting 
surfaces, is added to Equation 1 [11-13]. However, 
the deformation of asperities and the adhesion are 
strongly related factors [14, 15], and a split of the 
adhesion term into an adhesion and a deformation 
term appears difficult. 

Several physical properties of the surfaces in contact 
influence the friction force. Such factors are the surface 
roughness [16], the surface free energy [17, 18] and 
the plastic and/or elastic deformability of the surface 
asperities [19-21]. The relation between the adhesion 
and ploughing component of the friction force of par- 
ticles sticking to surfaces depends on the relationship 
between the indentation hardness of the surface and 
the particles [22], and there is no general ratio evalu- 
ating the influence of the adhesion on friction against 
the ploughing component [23]. 

Friction forces are quoted only occasionally. Com- 
monly, the coefficient of friction (the ratio between 
force of resistance to moving and normal load) is 
determined, and there are some laws linking the coef- 
ficient of friction to the physical properties of the 
surfaces in contact [17, 24, 25]. One way of calculating 
both a coefficient of friction and a friction force 
for particle friction on flat surfaces can be derived 
using the relationshi p described by Bhattacharya and 
Mittal [26] 

Frern x c o s  O~ 
= ( 2 )  

Fad + Ere m X s i n  ot 
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where Frem is the removal force; Fad ,  the force of 
adhesion; g, the static coefficient of friction; and ~, the 
angle between the removal force vector and the sur- 
face. To use this equation the force vector applied to 
remove the particles in an angled direction has to pass 
first the particle and then the surface. However, in the 
centrifuge technique [7] the force vector involved in 
the detachment of the particles form the surface in an 
angled direction, Feet, passes first the surface and then 
the particle. Therefore, the effective force to remove 
the particles from the surface is now the difference 
b e t w e e n  Fad and Fde t • sin cz, and Equation 3 can be 
proposed 

Fde t X COS (3) 
IX = Fad - -  Fdet • s i n  

This equation can be validated for the two extreme 
cases, which are ~ = 0 ~ (friction) and cz = 90 ~ (ad- 
hesion) by rearrangement into Equation 4 

IX X Fad 
Fde ' = (4) 

cos ~ + IX sin 

with at = 90 ~ 

Fde t = Fad (5) 

and cz = 0 ~ 

Fee t = IX X Fad (6) 

Equations 5 and 6 are the classical definitions for 
adhesion and friction [10]. 

To estimate both the friction force and the static 
coefficient of friction, Equation 3 has to be rewritten 
into a linear function 

Fde t • COS CX = - -  ~t • Fee t • sin ~ + IX x Fad (7) 

The static coefficient of friction can be obtained from 
the slope of this function, whereas the friction force is 
the intercept with the ordinate (Ix x Fad). 

The aim of this work was to assess single particle 
friction forces and coefficients of friction of powders, 
which are either attached to surfaces of identical ma- 
terial, or on surfaces made from a second powdered 
material. The single particles were both tested in par- 
ticle-on-surface experiments, i.e. the powder particles 
sliding along a flat compacted powder surface, and in 
particle-on-particle experiments, i.e. the powder par- 
ticles moving along the surface of larger carrier par- 
ticles. Different particle size fractions were used to 
investigate the role of the contact area between the 
contiguous bodies. The resulting friction forces and 
coefficients of friction should be related to properties, 
such as surface roughness, reversible energy of ad- 
hesion and deformability of the materials in contact. 

2. Experimental procedure 
Two different particle size fractions of a drug sub- 
stance, Salmeterol Xinafoate, and a drug carrier sub- 
stance, lactose monohydrate, were investigated. The 
particle size fractions were prepared using an air jet 
sieve (Alpine, Augsburg, Germany). The average par- 
ticle mass of each particle size fraction was determined 

6084 

T A B L E  I Characteristics of the particle size fractions of 
Salmeterol Xinafoate and lactose 

Fraction "m (ng) bF (~rn) 

Lactose 

LFI  80.84 + 3.89 62.3 
LF2 215.05 -t- 16.34 77.6 

Salmeterol Xinafoate 

SFa 63.97 -t- 8.18 35.9 
SFb 384.27 _ 82.05 57.2 

m, particle mass  (~ • s, n = 5). 
b F, Feret's diameter. 

by difference using an AD-4 Perkin Elmer auto- 
balance. Samples were weighed onto a cover slip to 
give the mass, and then suspended in glycerol triacet- 
ate in the case of lactose, or in liquid paraffin in the 
case of Salmeterol Xinafoate. The number of particles 
per sample was counted automatically with a Seescan 
Solitaire 512 image analyser fitted with a black/white 
CCD-4 camera and an Olympus microscope. Each 
average particle mass is the mean of five replicated 
determinations. The number mean particle size of 
each particle size fraction (Feret's diameter [27]) was 
assessed by image analysis. Three suspended powder 
samples of each particle size fraction were investi- 
gated measuring 1000 particles on each occasion. 
Table I lists the results of the particle mass and par- 
ticle size measurements. 

Flat compacted powder surfaces were produced us- 
ing an Instron, model TT, universal testing instru- 
ment. The resulting discs were 3 mm in height and had 
a diameter of 10 ram. For particle-on-particle experi- 
ments a special particle size fraction of lactose (which 
comprised particles of a size between 180 and 250 gm) 
was prepared by sieving. 

The general outline of the centrifuge technique, in- 
cluding the details about the centrifuge cells used, is 
described by Podczeck et al. [7] and by Lam and 
Newton [9]. The centrifuge tubes were deposited into 
a fixed angle rotor head (60 ~ of a Fisons MSE High 
Speed 18 ultracentrifuge. For adhesion experiments 
the centrifuge tubes were placed into the rotor 
pockets, assuring that the substrate surfaces and the 
centrifugal force vector were 90 ~ to each other. To 
achieve a friction process instead of an adhesion ex- 
periment, the centrifuge tubes had to be turned in their 
rotor pockets, so that substrate surface and centrifuge 
force vector resulted in an angle smaller than 90 ~ . In 
this way, friction angles between 30 and 80 ~ could be 
studied. 

The preparation of centrifuge samples for particle- 
on-surface friction tests is similar to the preparation 
for adhesion studies, which is described in detail by 
Podczeck et al. [28]. Similarly, the preparation of the 
centrifuge samples for particle-on-particle experi- 
ments can be obtained from Podczeck et al. [29]. 

All samples had to undergo a preliminary "press- 
on" centrifugation, i.e. a centrifuge force was applied 
to increase the contact between particles and surface. 
In this case, the angle between surface and centrifugal 



force vector was 90 ~ , and the disc surfaces were di- 
rected to the rotor axis. The press-on speed was al- 
ways 8000 r.p.m., from which equivalent forces can be 
calculated. 

The initial amount of particles attached to the sub- 
strate surface and the amount  of particles remained 
sticking to the surface after applying a detachment 
force was determined using the image analysis by 
manual counting. The sample surfaces were lit using 
an Olympus cold light source. The two light beams 
were positioned at an angle of 180 ~ to each other, 
parallel to and at a distance of 1.5 cm from the per- 
imeter of the substrate surface. The relative amount of 
particles remaining on the surface was treated as 
a function of the detachment force, from which a me- 
dian detachment force and an interquartile range 
could be determined. 

The surface roughness of the flat compacted powder 
surfaces was determined using a Talysurf 6 stylus 
profilometer instrument with a 2 gm stylus tip and 
0.8 mm cut off. The average surface roughness, rugos- 
ity, is expressed as Ra, which is the arithmetic mean of 
the departures of the roughness profiles from the mean 
line. Three discs of each material were tested, and 
Ra was assessed f rom five random tracks across the 
surface of each disc. The R, value for lactose surfaces is 
2.01 _+0.15gm, and the Ra value for SMmeterol 
Xinafoate surfaces is 0.30 +_ 0.02 Ixm. 

3. Results and discussion 
The lactose particles of either particle size fraction 
were tested in particle-on-surface experiments on flat 
lactose surfaces only. In accordance to the terminol- 
ogy used in adhesion [5], the process studied will be 
called "autofriction". 

As reported previously [7], a decrease in the angle 
cx between the flat surface and the centrifuge force 
vector leads firstly to an increase in the detachment 
force compared to the adhesion force determined at 

= 90 ~ but at lower angles of ~ a sudden drop in 
detachment force often occurs. This can be interpreted 
as a change from static friction into dynamic friction. 
Table II summarizes the results for the autofriction of 
lactose particles. The change from static autofriction 
into a dynamic autofriction occurs for particle size 
fraction LF1 between a friction angle 0~ of 50-60 ~ 
whereas for LF2 the sliding and/or rolling of the 
particles starts below 50 ~ , as can be seen from the drop 
in the detachment force values. The friction force 
(calculated from Equation 7) increases with the par- 
ticle size tested, whereas the coefficient of friction 
(calculated from Equation 7) decreases. The increase 
in friction force with particle size might be due to 
a larger number of contact points between the two 
surfaces in contact, because the true contact area is 
proportional to the measured friction force [30]. The 
coefficient of friction should be a fixed material con- 
stant, but several authors have shown, that this value 
varies according to the external load applied 
[16, 19, 20]. Using the calculated coefficient of friction 
in Equation 6 to estimate the friction force due to 
adhesion, it appears as though adhesion is the only 

T A B L E  II  Results of the autofriction measurements on lactose 
particles autoadhered to flat compacted lactose surfaces (x +_ s, 
n = 6) 

aLF1 LF2 

byon (X 10-9N) 4.91 13.10 
~ (x  10-9N) 1.25 • 0.39 3.63 _+ 2.38 

f~ = 70 ~ o~ = 70 ~ 

aFd~ t (x  10-9N) 1.45 _+ 0.45 3.68 ___ 1.00 
*IQR (x  10-gN) 1.80 • 0.39 4.72 -t- 0.80 

c~ = 60 ~ c~ = 50 ~ 
Fa~, (x  10-9N) 2.87 _+ 0.18 3.83 ___ 0.78 
IQR (x  10 .9 N) 2.30 -t- 0.29 4.07 -t-_ 0.40 

= 50 ~ c~ = 40 ~ 
Faet ( X 10-9N) 0.70 -t- 0.13 2.50 + 0.66 
IQR (x  10-9N) 0.78 + 0.11 3.32 + 0.44 

= 30 ~ ~ = 30 ~ 
Fdet ( X 10-9N) 0.69 _+ 0.09 2.22 _+ 1.15 
IQR (x  10-9N) 0.86 _+_ 0.10 2.91 __ 1.57 

Ffrie t ( • 10-gN) 0.26 ___ 0.25 1.50 -t- 0.19 
Ix 0.41 0.32 
IX x F,a (x  10-9N) 0.51 1.16 
P (x  10-9N) 0.34 

a LF, lactose particle fraction. 
bFon , press-on force. 
c F,a, median force of autoadhesion. 
d Fa,t, median detachment force. 
e IQR, interquartile range. 
f c~, angle between centrifuge force vector and surface. 
gffriet, friction force. 
h ix , coefficient of static friction. 
ip, friction force due to ploughing. 

mechanism involved in the friction of particles of the 
lactose fraction LF 1 (see Table II), whereas particles of 
size fraction LF2 cause ploughing, although the ad- 
hesion term still dominates. (The ploughing force has 
been calculated using Equation 1.) The interquartile 
range of the detachment forces characterizes the differ- 
ences in the detachment force necessary for the single 
particles of the assortment of particles sticking onto 
a surface. For  lactose particles autoadhered to lactose 
surfaces the interquartile range increased with the 
increase in particle size form LF1 to LF2, and de- 
creased wlth increased a, indicating that dynamic fric- 
tion is less variable than static friction if the particle 
size of a narrow particle size fraction is studied. 

Table III summarizes the autofriction results of 
Salmeterol Xinafoate on flat compacted Salmeterol 
Xinafoate surfaces. Static autofriction only occurs for 
large values of ~ (particle size fraction SFa: ~ _> 80 ~ 
particle size fraction S F b :~  _> 70~ The exact angle, 
where static autofriction changes into dynamic auto- 
friction could not be determined, but for particle size 
fraction SFa this change~occurs between 80 and 70 ~ 
whereas for particle size fraction SFb the change is 
between 70 and 60 ~ . The friction force and the coeffi- 
cient of friction decrease with particle size. The two 
fractions of Salmeterol Xinafoate particles are very 
different in their morphology. Particles of size frac- 
tion SFa are irregular, but particles of size fraction 
SFb are spherical. Therefore, particles of size frac- 
tion SFb should have less contact points with the 
compact surface and therefore a smaller friction force 
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T A B L E  I I I  Results of the autofriction measurements on 
Salmeterol Xinafoate particles autoadhered to flat compacted 
Salmeterol Xinafoate surfaces (x -+ s, n = 6) 

T A B L E  IV Results of the friction measurements on Salmeterol 
Xinafoate particles adhered to flat compacted lactose surfaces and 
lactose particles (x _+ s, n = 6) 

~SFa SFb 

t ' F o .  (x  10-�N) 3.89 4.99 
~F,d (x  10 9N) 3.81 -+0.09 0.72 +0.19 

f~ = 80 ~ c~ = 70 ~ 
aFao t (x  10 -9 N) 3.57 -+ 0.33 1.21 -+ 0.18 
~IQR ( x !0-9  N) 2.06 -+ 0.21 1.46 -+ 0.28 

= 70 ~ ~ = 60 ~ 
gFdet (•  10-9 N) 2.47 -+ 0.32 0.76 -+ 0.16 
IQR ( x 10-�N) 2.14 -+ 0.16 1.12 +_ 0.14 

ct = 50 ~ ct = 50 ~ 
Faot ( x 10-9N) 1.72 -+ 0.17 0.61 -+ 0.15 
IQR ( x 10-9N) 1.99 -+ 0.26 1.03 -+ 0.20 

= 30 ~ ~ = 30 ~ 
F,l~t ( x 10-9N) 1.04 -+ 0.13 0.25 -+ 0.51 
IQR ( x 10 .9 N) 1.42 -+ 0.17 0.41 -+ 0.t2 

g f f r i c  t ( • 10--9 N) 1.38 -+ 0.05 0.25 __ 0.06 
hg 0.22 0.18 
Ix x F~a ( x 10-9N) 0.84 0.13 
ip ( x 10-�N) 0.54 0.12 

"SF, Salmeterol Xinafoate particle fraction. 
�9 o fon, press-on force. 
c F,d, median force of autoadhesion. 
aFaot, median detachment force. 

IQR, interquartile range. 
f c~, angle between centrifuge force vector and surface. 
g Ftr~ct, friction force. 
~ g, coefficient of static friction. 
~P, fiiction force due to ploughing. 

"SFa SFb SFa 
(on surface) (on surface) (on particle) 

bFo, (X 10-9N) 3.89 4.99 3.89 
~ (X 10-9N) 1.97_+0.20 0.33--+0.14 '1.03-+0.26 

f ~  = 70 ~ ~ = 70 ~ c~ = 70 ~ 
dffde t ( X 10 -9 N) 1.49 + 0.44 0.12 _+ 0.04 1.95 -+ 0.23 
eIQR (x  10-�N) 7.80-+0.73 0.18-+0.04 2.05-+0.36 

= 50 ~ ct = 50 ~ c~ = 60 ~ 
Fact (x  10-�N) 6.63-+0.77 0.34_+0.06 1.63-+0.I3 
IQR (x  10-�N) 5.09-+0.82 0.45-+0.07 1.74-+0.12 

= 4 0  ~ o~ = 4 0  ~ ~ = 50 ~ 
Fact ( x 10-�N) 1 .36___0.18 0.88__+0.22 1.40-+0.18 
IQR (x  10 9N) 2.22-+0.31 1.60-+0.38 1.43-+0.07 

ct = 30 ~ c~ = 30 ~ ~ = 30 ~ 
Fe, ot ( x 10 -9 N) 2.44 _ 0.81 0.12 -+ 0.04 1.20 -+ 0.09 
IQR (x  10-�N) 2.80-+0.53 1.83-+0.46 1.44-+0.16 

gFrrict ( x 10-9N) 0.85__+0.55 - 1.24-+0.04 
ug 0.68 - 0.31 
Ix x F,a (x  10-�N) 1.34 - 0.32 
ip ( • 10-9N) _ _ 0.92 

SF, Sahneterol Xinafoate particle fraction. 
b Non, press-on force. 
~ Fad, median force of adhesion. 
d Fdet, median detachment force. 
e IQR, interquartile range. 
f ct, angle between centrifuge force vector and surface. 
g Ftriot, friction force. 
h Ix, coefficient of static friction. 
i p, friction force due to ploughing. 

is reasonable. Furthermore, spherical particles under- 
go only rolling friction, which should be expressed by 
a lower friction force. Both adhesion and ploughing 
appear to take part in the autofriction of Salmeterol 
Xinafoate particles, but adhesion still dominates the 
process in the case of particle size fraction SFa. In 
general, for Salmeterol Xinafoate the interquartile 
range is smaller for particle size fraction SFb than for 
particle size fraction SFa (see Table III). Rolling fric- 
tion should depend mainly on the particle diameter, 
which has a narrow range for particles of one size 
fraction. Sliding friction should depend mainly on the 
true contact area between the particles attached and 
the surface, if adhesion was involved in the process. 
The true contact area of irregular particles, such as 
Salmeterol Xinafoate particle size fraction SFa, is far 
more variable, and therefore the detachment forces are 
also more variable. 

In Table IV the results of the friction measurements 
of Salmeterol Xinafoate particles on flat compacted 
lactose surfaces are listed. The change from a static 
friction into a dynamic friction occurs between friction 
angles of 50-40 ~ and 40-30 ~ for particle size fractions 
SFa and SFb, respectively. These are far lower values 
than those for the autofriction of Salmeterol Xinafoate 
particles. The friction between particles of size fraction 
SFb and the lactose surfaces could not be described 
successfully. The coefficient of friction calculated was 
larger than 1.0, and the friction force was negative. 

Therefore, only the results of autofriction and fric- 
tion of particle size fraction SFa can be compared. The 

coefficient of friction is about three times larger for 
friction on lactose than for autofi'iction, and adhesion 
appears to be the only mechanism involved. The com- 
pacted surfaces of lactose and Salmeterol Xinafoate 
are different in their energetic properties, because 
Salmeterol Xinafoate has a lower surface free energy 
[29], and the lactose discs provide a rougher surface 
structure than Salmeterol Xinafoate discs (see Experi- 
mental procedure). A connection between surface 
roughness and the coefficient of friction is reported in 
the literature [31]. The results reported here suggest 
an increase in static friction with increased surface 
roughness. The asperities of the substrate surface are 
a kind of mechanical barrier, which must be overcome 
before the movement of the particles along the surface 
can occur. 

Comparing the friction angles, at which the change 
between static and dynamic friction occurs, of all tests 
undertaken on flat compacted surfaces, it appears that 
the range of ~ is proportional to the particle size. For 
the large particle fractions SFb and LF2, the change 
always occurred 10 ~ below the range of~ found for the 
smaller particle size fractions SFa and LF 1. Hence, the 
transformation between static and dynamic friction 
depends on the particle size. The larger the particles, 
the smaller is the friction angle, where first sliding or 
rolling processes occur. 

Adhesion experiments using Salmeterol Xinafoate 
particle size fraction SFa and largelactose particles as 
carrier material had shown, that particle-on-particle 
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measurements lead to smaller adhesion forces than 
particle-on-surface experiments [29]. Hence, the fol- 
lowing experiments have been undertaken to test 
whether this is also the case in friction force measure- 
ments. The results of the particle-on-particle friction 
experiments for Salmeterol Xinafoate particle size 
fraction SFa on lactose particles are also summarized 
in Table IV. 

Static friction only occurs at a friction angle of 
>_ 70 ~ This is in contrast to the measurements on the 

flat compacted lactose surfaces~ It can be explained, 
however, if the surface structure of the lactose particles 
is taken into account. The lactose particles provide 
a surface, which mainly shows asperities, which are 
larger than the microasperities of the flat compacted 
powder surfaces. This reduces the mechanical influ- 
ence of the surface structure on the sliding process, 
and a dynamic friction can occur earlier. The friction 
force between Salmeterol Xinafoate and lactose par- 
ticles is higher than the friction force estimated in the 
particle-on-surface experiments, but the coefficient of 
friction is much smaller. Furthermore, plofighing 
appears to be the dominant mechanism in the particle- 
on-particle experiments, whereas adhesion appears to 
be the only factor involved in the particle-on-surface 
experiments. This could be due to the fact that 
Salmeterol Xinafoate particles are strong artificial ag- 
glomerates of fine particles of 1-2 ~tm. The hard cry- 
stalline surface of lactose particles could lead to an 
abrasion of such primary Salmeterol Xinafoate par- 
ticles, whereas the surface of compacted lactose is itself 
weak and could therefore not act as an abrasive. This 
suggests that surface roughness is an important con- 
sideration if the proportion between friction due to the 
adhesion or ploughing mechanisms has to be evalu- 
ated. However, particle-on-surface and particle-on- 
particle experiments are not equivalent for a further 
reason. The lactose carrier particles are not rectangu- 
lar, and the angle between the support surface and the 
centrifugal force vector, which is adjusted in the ex- 
periment, and the angle between a single lactose car- 
rier particle and the centrifugal force vector, which is 
unknown, may be different. Therefore, particle-on- 
particle friction experiments do not provide accurate 

values. This effects any calculation of friction forces 
or coefficients of friction. Therefore, particle-on-par- 
ticle friction experiments should always be accom- 
panied by particle-on-surface experiments, if the 
mechanisms involved are not to be evaluated. 

Particle size fractions LF1 and SFa are comparable 
in particle size and hence further comparisons can be 
made between the materials. Erhard [-17] related the 
coefficient of friction between two materials to the 
reversible energy of adhesion, Wo, which can be cal- 
culated as described by Fowkes [32] from the polar 
and dispersion component of the surface free energy of 
the materials in contact, or as described by Good [33] 
from the Lewis acid-base terms of the surface free 
energies. Such calculations have been reported pre- 
viously [29] for the materials studied in this paper. 
Erhard [17] proposed an exponential function, but 
because the reversible energy of adhesion increases in 
the order Salmeterol Xinafoate (autoadhesion)< 

adhesion of Salmeterol Xinafoate on lactose < lactose 
(autoadhesion), and the coefficient of friction 
(LF1/SFa) increases in the order Salmeterol Xinafoate 
(autofriction) < lactose (autofriction) < friction of 
Salmeterol Xinafoate particles on lactose, Erhard's 
relationship is not applicable. However, the friction 
force can be drawn as a function of the reversible 
energy of adhesion (Fig. 1). The use of the Lewis 
acid base terms to calculate Wo leads to a linear 
relationship between the friction force and the revers- 
ible energy of adhesion, whereas the use of Fowkes' 
equation provides a non-linear graph. The same rela- 
tionship can be obtained for the adhesion force 
(Fig. 2). Therefore, both friction and adhesion forces 
depend on the reversible energy of adhesion, and 
a prediction on the friction and adhesion force from 
such parameters might be possible. 

Maugis and Pollock [21] found that the ratio be- 
tween force of adhesion and applied load is propor- 
tional to the yield stress of a material, which is 
150.1 MPa for lactose [34] and about 19.7 MPa for 
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Figure 1 The friction force as a function of the reversible energy of 
adhesion for SFa-Salmeterol Xinafoate surface, SFa-lactose surface 
and LF2-1actose surface: ( I )  reversible energy of adhesion cal- 
culated from Lewis acid-base terms of the surface free energies, (~') 
reversible energy of adhesion calculated from polar and dispersion 
components of the surface free energies. 
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Figure 2 The adhesion force as a function of the reversible energy of 
adhesion for SFa-Salmeterol Xinafoate surface, SFa-lactose surface 
and LF2-1actose surface. ( I )  reversible energy of adhesion cal- 
culated from Lewis acid-base terms of the surface free energies, (T) 
reversible energy of itdhesion calculated from polar and dispersion 
components of the surface free energies. 

6087 



1.2 

0.9 

0.6 

0.3 

0 i 

3 15 6 9 12 

E ~ (GPa)  

Figure 3 The ratio, R, between force of adhesion and press-on force 
(m) and the ratio between friction force and press-on force (T) as 
a function of the reduced Young's  modulus,  E*, of the materials in 
contact. 

Salmeterol Xinafoate (derived from Young's modulus 
reported in 1-29]). The ratio between the force of 
adhesion and the applied load is 0.979 (autoadhesion 
of Salmeterol Xinafoate), 0.506 (adhesion between 
Salmeterol Xinafoate and lactose) and 0.255 (autoad- 
hesion of lactose). According to the results of Maugis 
and Pollock [-21] this ratio is small for a material with 
a low yield stress and approaches one for those with 
a high yield stress value. The adhesion values are in 
agreement with this theory, and it appears that the 
theory can also be applied to the friction forces. The 
ratios are 0.355, 0.219 and 0.053 for Salmeterol 
Xinafoate (autofriction), friction of Salmeterol 
Xinafoate on lactose and lactose (autofriction), respec- 
tively. 

Adhesion and friction are also related to the elastic 
properties of a material [14,31]. Therefore the re- 
duced Young's modulus, E*, [35] for the contact of 
two materials has been calculated. The values of 
E* are 13.35 GPa  (lactose on lactose), 8.14 GP a  (lac- 
tose on Salmeterol Xinafoate) and 5.85 G P a  
(Salmeterol Xinafoate on Salmeterol Xinafoate). Fig. 3 
shows the ratio of the friction force-press-on force and 
the ratio of the adhesion force-press-on force as 
a function of E*. The ratio based on the friction forces 
approximates to a linear function of the reduced 
Young's modulus, whereas the use of the adhesion 
forces provides a non-linear relationship. 

4. Conclusions 
The centrifuge technique used in particle adhesion 
experiments can be modified to allow friction forces of 
single particles to be measured. Both flat compacted 
powder surfaces and large single particles can be used 
as substrate surfaces. In friction tests, particle-on-sur- 
face experiments are more accurate than particle-on- 
particle experiments, and the two methods provide 
different values for the assessment of friction. The 
friction angle necessary to transform static friction 
into dynamic friction depends on the size of the 
attached particles. The larger the particles, the smaller 
is the friction angle where first sliding or rolling pro- 
cesses occur. The variability of the detachment forces 
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in friction experiments depends on the nature of the 
dynamic friction. Rolling friction forces are less vari- 
able than sliding friction forces. 

Generally, the static coefficient of friction decreases 
with an increase in particle size. The autofriction force 
of lactose particles also increases with an increase in 
particle size, probably due to a larger true area of 
contact. The friction force of irregular particles of 
Salmeterol Xinafoate on compacted lactose surfaces is 
larger than the autofriction force on compacted 
Salmeterol Xinafoate surfaces. The differences in the 
surface roughness of the compacted surfaces were 
identified as one main reason for this phenomenon. 
Surface roughness also appears to be an important 
factor, which supports either adhesion or ploughing as 
the main mechanism of friction. Forces of adhesion 
and friction are related to the reversible energy of 
adhesion. This relationship is a linear function, if the 
reversible energy of adhesion has been determined 
from the Lewis acid-base terms of the surface free 
energy of the materials in contact. The ratio between 
the force of adhesion and the press-on-force applied, 
as well as the ratio between the friction force and the 
press-on force applied, are related to the yield stress of 
the materials and their reduced Young's moduli. 
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