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The forces and friction between cellulose spheres have been measured in the absence and presence of xyloglucan
using an atomic force microscope. The forces between cellulose are monotonically repulsive with negligible
adhesion after contact is achieved. The friction coefficient is observed to be unusually high in comparison with
other nanotribological systems. We have confirmed that xyloglucan adsorbs strongly to cellulose, which results

in a much stronger adhesion, which is dependent on the time the surfaces are in contact. Xyloglucan also increases
the repulsion on approach of the cellulose surfaces, and the friction is markedly reduced. The apparently
incompatible observations of decreased friction in combination with increased adhesion fulfills many of the
necessary criteria for a papermaking additive.

Introduction to the cantilever and one to the underlying substrate), but the
complexity of the fiber surface and its swelling behavior renders
Xyloglucan is a polysaccharide found in the plant cell wall both the interpretation and the reproducibilty of such measure-
that is generally believed to cross-link load-bearing cellulose ments challenging. An alternative route is to measure the
microfibrils and affect wall mechanical properties. Indeed, interactions between model cellulose surfaces using the surface
many studies have shown that xyloglucan adsorbs strongly toforce apparatus (SFAY 16 or the AFM-23 and study the effect
cellulose3® and recently, this specific interaction has been of additives on the model joint. In these works, the following
harnessed in the development of a new versatile method togeneral observations have been made. Long-range forces
functionalize cellulosic surfacé8!! between cellulose surfaces generally follow the Poisson
One major application for cellulose fibers is papermaking. Boltzmann (PB) theory for electrostatic repulsion. Most studies
Naturally occurring xyloglucan is extracted during the pulping also report an additional short-range repulsion, which however,
process; however, attempts have been made to add xyloglucarhas different ranges in different studies. Also, the explanation
to the pulp before the paper sheet is formed, with an ap- of the origin of the short-range repulsion varies between studies,
proximately 26-30% increase in the tensile strength of paper and it has been attributed to dangling tails, to compression and
as a result?3 Another benefit of xyloglucan addition to pulp  dehydration of a highly solvated surface region, and to surface
is that the paper becomes smoother as a result of better paperoughness. The only exception is one measurement by Notley
formation!? It has been speculated that the increased paperet al.2! which was made at low pH where cellulose is uncharged
strength is a result of stronger celluleseellulose joints and and hence shows van der Waals attractions.
that the paper formation is improved by reduced friction between |t has been shown by a number of authors that the precontact
the fibers!? forces, due to, for example, steric layers, profoundly influence
Such measurements and inferences are of course based othe frictional forces observed:26 To summarize broadly, the
macroscopic studies of the paper as a whole. To explain therequirement for friction benefit in steric systems is a steeply
impact of xyloglucan on better formation on one hand and on repulsive, but nonetheless short-ranged, steric force with a well-
increased paper strength on the other hand, it would be usefuldefined slipping plane.
to study the effect of xyloglucan at a single contact and attempt T adequately examine the effects of xyloglucan on cellulose,
to explain the mechanisms of these two effects. For example, an examination of the precontact forces on approach (relevant
reduced friction is usually associated with reduced adhesion, to formation), the forces on separation (adhesion), and the lateral

so it is not a priori obvious whether the reported formation force—load relationship (friction) are here undertaken in two
benefit is indeed associated with reduced friction, and if so types of cellulosic contacts.

whether this is because of, or despite, the apparently enhanced
adhesion.

Measurement of, for example, the adhesion between indi- Experimental Procedures
vidual fibers is possible using an atomic force microscope

(AFM) in crossed fiber configuration (one of the fibers is glued The atomic force microscope employed in this work is a Nanoscope
Il AFM (Veeco), extended with a closed loop PicoForce unit. The

PicoForce unit measures the position of the driving piezocrystal, giving
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Ducker et af"?8The cantilevers used were uncoated, tipless, rectangular
silicon cantilevers (MicroMasch, Tallinn, Estonia), with regenerated
cellulose beads (Kanebo, Japan, made by the viscose process), attached
in-house with Casco Araldite Rapid epoxy adhesive. Details of the bead
properties, source, and attachment procedure are given in an earlier
publicatioit®—as a result of their preparation, they are likely to differ
somewhat in terms of properties such as crystallinity, molar mass, and
surface chemistry to pulp fiber surfaces. The normal force constant of
the cantilevers was calibrated using the method of Cleveland &t al.,
and the dimensions of the cellulose beads were measured in a light
microscope (Nikkon). All measurements were performed in Milli-Q
water with 0.1 mM NaCl at pH 5.8. Xyloglucan from tamarind
(Tamarindus indicaseed (Megazyme, Bray, Ireland) had a monosac-
charide composition of Xyl/Glc/Gal/Aras 35:45:16:4, according to
the supplier’s specification. Xyloglucan was dissolved in Milli-Q water
(12 mg/mL) and was allowed to adsorb to cellulose materials overnight.
Friction was measured as a function of increasing and decreasing
loads with a scan size of 2m and a scan rate of 0.5 Hz. Prior to the Separation (nm)
experiments, the lateral force constants of the cantilevers were Figure 1. Force curves on approach between two cellulose spheres
calibrated?31Both frictional and normal force measurements followed in solutions of 0.1 mM NaCl (filled diamonds), 1 mg/mL XG (open
the recommended approach from an IUPAC technical réport. squares), and after rinsing with 0.1 mM NacCl (crosses) plotted on a
Forces and friction were measured either between two cellulose beaddogarithmic scale. The lines are fits of DLVO theory to the data, with
or between a bead and a solvent cast cellulose film. In the former case,2 Surface potential of —8 mV for the lower set of lines and —13 mv
one bead was employed as a colloidal probe, and the other was glue({)or the upper set of lines. The solid lines represent the constant charge
to a mica surface. The radius of curvature of the interactiyrwas
calculated by

F/2'R (mN/m)

0.0001

oundary condition, and the dashed lines represent the constant
potential boundary condition. The Debye length was 30 nm for both
fits (calculated value, not a fitting parameter).

_ RR 1 8 x 10721 J. The solid lines show the constant charge boundary
- R, +R, @) condition of DLVO theory, and the dashed lines show the
constant potential boundary condition. The lower set of lines

whereR, andR; are the radii of the two cellulose beads. For the case "€Presents a surface potential-68 mV and the upper set of
of measurements between a cellulose colloidal probe and a solvent castines a potential of-13 mV. Both fits have a Debye length of
cellulose film, the radius of interaction equals the radius of the colloidal 30 nm, which is the calculated value for 0.1 mM salt, and hence
probe. not a fitting parameter. The sign of the potential cannot be
The zero of separation is not absolute in AFM measurements but is directly obtained from the DLVO fitting, but zeta-potential
defined as the point where the spring deflection follows the piezo measurements of cellulose show that cellulose is negatively
extension, often referred to as the region of constant compliance or charged above pH ¥. The surface potential increases with
hard wall contact. To estimate a value of the surface potential, the forcesaddition of XG. After rinsing, the surface potential remains
were fitted with DLVO theory?334The van der Waals attraction was  unchanged, indicating that the XG is irreversibly adsorbed.
estimated with a Hamaker const&nif 8 x 102! J, and the nonlinear In the fits, the plane of charge is assumed to occur at the
Poisson-Boltzmann equation was solved numerically, using the hard wall, although a plane of charge is not well-defined for
algorithm by Chan et af$ which provides the electrical double layer  ¢gljulose systems. Therefore, due to ambiguity, both in the
repulsion. position of zero separation and location of plane of charge, the
DLVO fits should only be regarded as guidelines, although what
Results is completely clear is that the surface potential and correspond-
ing surface charge are very low. Previously reported values of
Forces on Approach.Figure 1 shows the normalized foree fitted potentials at comparable pH and salt concentrations are
distance profiles between two cellulose spheres in solutions of —9,22 —1138 —1718 and —21 mV?° however, the same
0.1 mM NacCl, 1 mg/mL xyloglucan (XG), and 0.1 mM NaCl uncertainty is valid for these previously reported values as in
after rinsing away any nonadsorbed XG, on a logarithmic scale. the present study. If the plane of charge were in fact to be located
In all solutions, the interaction between the spheres is purely at the onset of the steric repulsion, then the surface potential
repulsive on approach, and no attractive van der Waals force isobtained from fitting would be even lower. Even if the effective
observed at small separations. The effect of XG on the charge distributions were very different for the two cases, the
interaction profile is clearly evident; there is a significant surface charge for the XG case is significantly larger.
increase in the range and magnitude of the repulsive force upon The surface charge of cellulose probably originates from the
addition of XG, and it does not change appreciably after rinsing. dissociation of carboxylic groups introduced during the pulping
The lower curve approaches the resolution of the AFM, and process? and cellulose model surfaces have different surface
S0, in this case only, the depicted curve is the average of 10charges depending on the properties of the pulp they are made
measurements. from and other treatments such as the viscose process. XG, on
For all solutions, two distinct repulsive force regimes are the other hand, contains no carboxylic acids and is thus expected
observed, a short-range electrosteric force and a long-rangeto be uncharged. (Charging XG from rose has been observed
electrostatic force. The long-range force was found to be butin that case is probably the result of tight binding to acidic
consistent with the PoisserBoltzmann theory. No van der  pectin®which cannot be the case here.) The highly substituted
Waals attraction is seen on approach of the surfaces but isparts of XG are thought not to bind to cellulose but instead
nevertheless observed on separation. Hence, the data in Figuréorm loops and make XG more bulky. The presence of unbound
1 are fitted with DLVO theory using a Hamaker constmif groups probably renders the polymer more mobile and increéfﬁ?

R
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the probability of chain end detachment and reattachment to an
opposing surface, thereby facilitating cross-linking between
cellulose fiberd.Such loops increase the repulsion on approach.
The binding of XG to cellulose renders the surface molecules
more compatible with water, which in turn allows the apparent
surface charge to increase slightly, and consequently, the double
layer component of the force becomes somewhat |dfger.
DLVO theory predicts that the surfaces should jump into
contact at small separations; however, instead, a short-range
electrosteric repulsion was observed in all cases. The range of
the electrosteric repulsion becomes longer when the XG solution
is added, and it decreases only slightly in range after rinsing,
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suggesting that only a small fraction of the XG is so loosely
adsorbed that it desorbs on dilution. XG chains, being water- ¢
soluble, extend further out in the solution than the insoluble 10° 1 1 1
cellulose chains, thereby increasing the electrosteric repulsion. 0 10 20 30 40

This short-range electrosteric repulsion has been observed Separation (nm)
previously for cellulosé®181923However, the range of the Figure 2. Force curves on approach between two cellulose spheres
repulsion varies in the literature, and there is as yet no clear at different driving rates in a solution of 0.1 mM NaCl. The rates are
picture of its origin. The extent of the steric repulsion increases 0.2 um/s (filled diamonds) and 2 um/s (crosses). The solid line
with increasing pH (increased charging and swelling of cel- represents the calculated hydrodynamic force at 2 um/s and the dotted
Iquse)L&Zl and decreases with increasing salt concentration line at 0.2 um/s. The mset shows the interaction profiles with the

. calculated hydrodynamic force removed.

(decreased repulsion between cellulose chditiblerefore, the
solvent conditions may be one reason for the differences in the
reported values of the range of the steric repulsions.

It is difficult to say if the repulsion is a result of compression 0
and dehydration of a highly solvated surface reéfiar if a
dangling tails modéf is more appropriate. In both these cases,

0.005 T T T T T

the repulsion can be thought of as having a steric nature. The EO‘OOS
short-range repulsion collapses at high ionic strefgjtinplying E 001
that any surface steric layer is associated with charging of the o ’

cellulose chains, and at low pH when the cellulose is uncharged, FEO o1

the jump into van der Waals attraction is very cléazauscher
and Klingenber#f argue that the steric repulsion may actually

be an artifact of the surface roughness of the substrates; however, 002 o ]
no dependence on surface roughness has been observed for the
repulsion between cellulose surfa¢ésand this argument does -0.025 L L L L .

not explain the collapse of the repulsion at high salt concentra- 0 5 10 1520 2% 30

tions. There is essentially very little more that can be done to Separation (nm)

throw more light on this interaction, and based on the previous Figure 3. Force curve on separation between two cellulose spheres

discussion, we will here refer to the interaction as an electrostericin a solution of 0.1 mM NaCl. The solid line is a fit of van der Waals

force. has & slope il f the sping constant,ncietes the fump out of
The curves in Figure 1 were taken at @#/s, and the curve s o pelde spring constant, s the Jump ou

for the bare cellulose surfaces is redrawn in Figure 2. At this

rate, the hydrodynamic repulsion is negligible (dotted line in

Figure 2); however, at 2m/s, the long-range repulsion increases

as seen in Figure 2, where the hydrodynamic repulsion is plotted

as the solid line. The inset shows that the difference in the

repulsion due to rate is accounted for by the hydrodynamic

there can be no significant shift in the position of the sticking
plane as the separation of the surfaces changes (i.e., due to
compression of the electrosteric layer). Finally, forced percola-
tion through a gel-like layer is not a significant contributing
effect. (For thick, swollen polyelectrolyte films, a significant

inA2
equatiort increase in the effective viscosity can be obserR?ed.
GmyRZdD Forces on SeparationFigure 3 shows the forces measured
Fi=—"Db a (2) on separation of two cellulose spheres in a solution of 0.1 mM

NaCl. A small adhesion is observed on separation; the surfaces
wherey is the viscosityD is the separation between the two jump apart from a position of 5 nm out from hard wall contact.
slip planes, ®/dt is the relative rate of approach of the two The arrow, indicating the jump out of contact, has a slope of
surfaces, an® s the radius of curvature (defined in eq 1). This 50 kN/n?, which corresponds well to the cantilever spring
equation is valid as long as the two radii used in the calculation constant (0.2 N/m) divided with the radius of interaction (3.69
of R are approximately the same. um) being 54.2 kN/A The jump out is due to a spring

The application of eq 2 to the data is entirely sufficient to instability that occurs when the energy stored in the spring is
correct for the effect of hydrodynamics, using the bulk value greater than the adhesive force. Thus, the points recorded by
for the viscosity of water. This has several implications. First, the instrument, with a 2.5 ms interval, have a gradient corre-
the zero of separation obtained from constant compliance mustsponding to the spring constant. The surfaces jump apart into
be a reasonable approximation of the sticking plane (where thean attractive force profile, which follows van der Waals pre-
velocity of the water goes to zero, so-called wall stick). Second, dictions (solid line) with a Hamaker constant 08810721 J° CDV
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0.02 T T T T T for the pull-off of individual chains, commonly seen between
surfaces with adsorbed polyméfst* The interaction profile is
o1 § . very irregular, indicating that a large number of cellulo3e&s

bonds with different contour lengths are present.

. o m.,,,,,\' VI AN gt I Bridging adhesion between two surfaces in a polymer solution
§ i t occurs when the polymer has large attraction to both surfaces,
€ .0.01 _ and it has been measured as early as ¥7he AFM has

e been used for measuring such discrete adhesive interactions
é 002 i since 19928 after which pioneering work was done in biological

systems!’48 Extensive work of proteins, polysaccharides, and
DNA has shown long-range adhesion and pull-off of individual
chains (e.g., see the following two review3y* Later, some
adhesion studies have been performed on cellulose substrates
with wet strength additive®, cellulose binding module®,and
XG.51n all of these studies, there was a small adhesion between
bare cellulose surfaces in water, which increased in the presence
Figure 4. Force curves on retraction between two cellulose spheres of the additives. For the wet strength additives (which were of
:;‘ a solution of 1 mg/mL XG for two different imes in contact. The polymeric origin) and XG, the pull-off of individual chains was
otted time represents 1 s in contact, and the solid line 100 s. . .
clearly evident. Unfortunately, none of these studies shows any
100 m—— T T T r inward curves on a logarithmic scale; therefore, no conclusions
can be drawn regarding the forces on approach.
Figure 5 shows the work required to separate the surfaces as
a function of time in contact, in the presence and absence of
XG. The adhesion in the presence of XG increases dramatically
with increased time in contact. The inset shows the work
required to separate the surfaces plotted as a functiai2of
with which it is clearly linear, suggesting that the adhesion is
controlled by a diffusion proce$353 This is consistent with
parts of XG chains diffusing to the opposing cellulose surface
and creating cross-links. The time-dependent adhesion, together
4 with its clear sawtooth pattern in Figure 4, provides strong
evidence for bridging of XG between cellulose surfaces. The
adhesion appears to also increase with time in contact for the
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Figure 5. Work required to separate the surfaces as a function of Recent studies have shown that the tensile strength of paper
contact time for two cellulose spheres in solutions of 0.1 mM NacCl increases about 30% with the addition of X&:3and Christi-
(closed diamonds) and 1 mg/mL XG (open squares). The inset shows ernin et al'2 attribute the increased paper strength to increased

the adhesion as a function of #/2, The lines are added to guide the

eye adhesion of each fibeffiber joint; they have not seen any

evidence for an increased number of joints. The observation of

and the plane of interaction placed at the point of maximum bridging adhesion documented here is entirely consistent with

adhesive force (which is 3 nm from nominal hard wall contact). that }nt.erpretathn. - .

No jump into adhesive contact is seen on approach of the Fr!ctlon. In.Flgure 6, the lateral friction as a fu.nct|on Qf
surfaces; instead, there is compression and dehydration of theapplled load is _shown for a cellulose sph_ere sliding against
water swollen surface layer. During the time scale of the another sphere, immersed in 0'1. ”."V' NaCI in the presence and
separation, the cellulose is not able to rehydrate, which is why absence of 1 mg/mL XG. The fncuon. IS z€ro for zero applleq
the measurement is slightly hysteretic. Notley etaibserved load for all measurements, and the friction follows Amontons
a van der Waals attraction on approach as well as a separatior{aW
for similar measurements but at a lower pH. Under such
conditions, cellulose is uncharged, which removes the electro- Fr=ul 3)
static repulsion and significantly reduces the swelling that in
our case masks the van der Waals attraction on approach. ~ whereFs is the friction force L is applied load, ang is the

The forces on separation in 1 mg/mL XG are presented in friction coefficient. Amontons’ law is generally valid for
Figure 4. The dashed curve represents the interaction in XG atmultiasperity contact and nonadhesive systems, in which case
a rate of 0.2um/s, and the solid curve represents the interaction the contact area is proportional to the applied load. (For adhesive
under the same conditions but with 100 s prolonged time in Systems, the adhesion effectively adds to the applied load, and
contact. The adhesion is larger in the presence of XG asa modified form of Amontons’ law should be us&d>?)
compared to the bare cellulose surfaces, and the adhesion is The friction coefficient is highest for the bare celluloges
very sensitive to the time in contact, which is further shown in 1.02, and it decreases by almost a factor of 2 in the presence of
Figure 5. In the presence of XG, the surfaces jump apart to aXG, u = 0.61. The friction coefficient does not change
position well beyond the range of the surface force. The significantly after rinsing, providing further evidence that the
adhesion is a result of the specific binding between cellulose XG molecules are not rinsed away and that it is the bound XG
and XG as indicated by the saw-tooth pattern, which is typical and not the loosely bound that reduces the friction. CDV
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Figure 6. Friction force as a function of applied load for two cellulose Figure 7. Friction as a function of applied load for a cellulose sphere
spheres in solutions of 0.1 mM NaCl (closed diamonds), 1 mg/mL and a solvent cast cellulose film in solutions of 0.1 mM NacCl (closed
XG (open squares), and 0.1 mM NaCl after rinsing (crosses). The diamonds), 1 mg/mL XG (open squares), and 0.1 mM NaCl after
solid lines represent the friction coefficients, which are u = 1.02 in rinsing (crosses). The solid lines represent the friction coefficients,
NaCl, x = 0.61 in XG, and u = 0.59 after rinsing. being u = 1.18 in NaCl, u = 0.53 in XG, and u = 0.50 after rinsing.
Our values of friction coefficients for bare cellulose agree S ' T . T
well with values of Theander et &.who report friction sl ]
coefficients just above 1 for two cellulose spheres. Zauscher 4F b
and Klingenberd? have measured friction coefficients about 2 1
0.6 for a cellulose sphere sliding over a flat cellulose surface. 3 1l ]
We note that the friction coefficient depends critically on the .
torsional spring constant used for the measurement and that I
manufacturer’s specifications can often be as much as a factor

- . 50700 B0 0 50 700 150
of 2 out. Friction coefficients are very dependent on surface

roughness$? and since the surfaces used in that study have a
lower roughness, it is not unreasonable that they should display
lower friction. A comparison between different cellulose model
surfaces, with respect to friction, surface roughness, and surface
forces, is the subject of a forthcoming publicatidn.

The friction decreases by almost 50% with the addition of
XG, a reduction that we have found to be very reproducible.
The question remains, however, as to the mechanism of the
friction reduction. Increased adhesion is generally associatedFigure 8. Force—distance profiles between a cellulose sphere and
with increased frictior?* 58 and the system becomes more ? solvent cast cellulose f||_m in solut|on_s of 0.1 mM NaCl (dashed

L L ines) and 1 mg/mL XG (solid lines). The inset shows the recalculated
adhesive in the presence of XG. Now, the adhesion is present e ‘text) force curve on approach in 0.1 mM NaCl (diamonds) and
first after the surfaces have been brought into close contact ands Hertzian fit with K = 1.7 MPa (solid line). For clarity, only every
water has been expelled from the contact zone, and in the20th data point is plotted.
presence of XG, the adhesion increases significantly with
increasing time in contact. Presumably, as the surfaces arereduction caused by XG is even greater in this case. The fact
sliding past each other, the XG molecules do not have time to that the friction results agree so well implies that at a given
bind to the opposing surface since the sliding rate is fast asload, the nature of the contact and friction mechanisms are
compared to the time scales required for bridging. If bridging similar for the two cases. The solvent cast film is rather different
were able to occur during the time scale of the measurements,in character to the spheres in its swelling behavior, and this
then it would indeed increase the friction fore. fact is reflected in the normal forces.

On approach, however, there is repulsion, which increases Figure 8 shows the force data for the solvent cast film in the
in the presence of XG, and an increased repulsion between thepresence (solid lines) and absence (dashed lines) of XG. The
surfaces is generally associated with a decrease of the measureghnge and magnitude of the repulsive force increase with the
friction.2* The XG molecules effectively create a boundary addition of XG, which is in agreement with the sphesphere
lubricating layer, which imparts a steep repulsive force. It is case. However, the increase is much larger, and this is due to
also possible that the XG molecules create a well-defined continual swelling of the cast film with time, which is
slipping plane between the cellulose surfaces. unavoidable. We note that the solvent cast cellulose film is very

Solvent Cast Cellulose FilmFriction has also been measured soft and highly swollen in water, and this is reflected by
between a cellulose sphere and a solvent cast cellulose film,significant deformation under an applied load. This deformation
and these results are presented in Figure 7. The friction is manifested by apparently long-range forces. In an attempt to
coefficients areu = 1.18 for the bare cellulose surfaces= estimate the deformation, the force curve in the bare cellulose
0.53 in the presence of XG, apd= 0.50 after rinsing, which case was reanalyzed using the gradient of constant compliance
agrees well with the case of two cellulose spheres. The friction from the calibration measurement when neither the cellngBQ/

F/2'R (mN/m)
N

0 100 200 300 400 500 600
Separation (nm)
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particle nor the cellulose film was present. The zero of separation 25 T T T T T T
was determined from the point where the slope of the force
curve begins to increase rapidly since the constant compliance
regime is unreliable for determining contact in compressive
systemg? The reanalyzed curve, plotted in the inset of Figure

N
o
T
» >
1

)
8, was then fitted with the Hertz theo®ywhich predicts the gg ]
contact areag, and central displacemeidt, for two nonadhering ; =
surfaces in contact. 3 g
a® = RFK (4) g2
§ £
0 = a’/lR=F/Ka (5)

2 3 4
A 2 (s1/2)
0 1 1 1 1 1 1

2 2
1—v 1-—v,

3
E | §

1
= 0 5 10 15 20 25 30 35
K 4 ©)

Time in contact (s)

. . . S - Figure 9. Work required to separate the surfaces as a function of
whereRis the radius of curvature of interactidhjs the applied contact time for a cellulose sphere and a solvent cast cellulose film

force, K is the reduced elastic modulus, is the Poisson ratio 4 solution of 1 mg/mL XG. The inset shows the work of adhesion
for each surface, ani, is the elastic modulus for each surface. as a function of /2. The lines are added to guide the eye.
The fittedK value of 1.7 MPa is significantly lower than the
elastic modulus of 22 MPa for a cellulose sphere in humid air ~ The present results also show that the adsorbed xyloglucan
but is in agreement with estimations of a gel-like surface layer significantly reduces friction, giving support to the view that
of a cellulose fiber, wher& ~ 1-5 MPa®% As seen in the the improved formation is indeed due to beneficial friction
inset of Figure 8, the majority of the repulsion is explained by properties imparted by xyloglucan. It would appear that xylo-
elastic deformation; however, there is still a repulsive force not glucan is thus in many ways an ideal additive since it combines
accounted for by the Hertzian fit. This is of course the surface apparently incompatible characteristics. The friction reduction
forces including double layer and any steric contributions. There is associated with the increased repulsion between the cellulose
may also be some contribution from assuming a single elastic surfaces, whereas the strength is imparted by increased adhesion
modulus for the film. It is likely that in fact the elastic modulus (attractive). The apparent conundrum is resolved by the fact
varies with depth into the filfi® and this is certainly the case that the bridging forces have a much longer relaxation time than
for longer swelling times where a fit such as in Figure 8 cannot sliding residence times and that the adhesion is only activated
be achieved due to a steeply varying elastic constant. The degreeafter the surfaces are forced into contact, which in the case of
of swelling is closely related to the crystallinity of the cellulose, paper occurs as capillary forces drive the fibers into intimate
and the extremely long-range apparent force in the case of thecontact during drying.
solvent cast cellulose film suggests that the film is amorphous. ] ]
Deformation of the substrates will, if not taken into account _ Acknowledgment. This work was financed by the KTH
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