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Jianping Gong and Yoshihito Osada

Division of Biologicd SciencesGraduat Schod of ScienceHokkaid University, Sappoo 060-0810,

Japan
(Receiva 1 Jure 1998 acceptd 4 Augug 1998

A modéd describirg the frictional force producel when apolyme gd is sliding on a solid surface
has been proposeé from the viewpoirt of solvatel polyme repulsiac and adsorptio theo at asolid
surface Generarelatiors for the frictional force f expresse as functiors of the normd loading P,
sliding velocity v, the polymer volume fractio, or the elastic moduluk of the gel, etc., have
been derived by applying scaling relatiors to the model For the repulsive case f is ascribel to the
viscots flow of solvert at the interfae and f is theoreticaly demonstrateé to be proportioné to the
sliding velocity v and the normal pressufRewhen the pressure is smaller than the elastic modulus
of the gel. For the attractive case in addition to the hydrodynamg friction, the force to detat the
adsorbig chan from the substrag appeas as friction. When v is not very large,focy. At an
intermedia¢ velocity, f has avelocity dependene less than linear, dependig on the strengh of
adsorption At a highe sliding velocity, f«<v again since the hydrodynamic friction becomes
predominanat this stage The theoreticaresuls coincide well with sorre experimentbobservations
tha confim the essentihfeatue of the model © 1998 American Institute of Physics.

[S0021-960608)70342-3

I. INTRODUCTION

A gd consiss of an elastt cross-link& macromolecular
netwok with a liquid fillin g the interstitid spae of the net-
work. The netwok holds the liquid in place throudh its in-
teractian forces and so gives the gd solidity and coherence,
but the gd is also wet and soft and capabé of undergoing
large deformation.

In a previouws shot letter! we reportel the specift fric-
tiond behavie of various kinds of gels sliding on a solid
surface The frictional force of a gd shows complicatel de-
pendencison the load W, the apparethcontad area A of two
surfaces ard on the sliding velocity ». Additionally, u
changein awide range ard reachs avalue as low as 10”3,
which has only bean observe in somne biologicd systems,
sud as in the humar and animd joints. Animal cartilage,
which consiss of athree-dimensioriacollagen netwok filled
with ?synovia fluid, has a friction coefficient as low as
103,

Apparently the mechanim of the frictional force pro-
duceal by sliding a gd agains a solid surfae is quite differ-
ert from tha produce by two solid surface sliding over
ead other According to Amonton’s law, the frictional force
F betwea two solids is proportiona to the load W forcing
them togethe F=uW.® The proportiona coefficient wu,
known as the frictiona coefficient depend on neithe the
sliding speel nor the appareh contad area of two surfaces
but only depend on the moving materials.u usually lies in a
range of 0.5-1.0%

The aim of this pape is to derive a generh equation
describiry the frictiona behavios of the water-swoll@ gel
tha slides on a solid surface We propo® amodd from the
viewpoirt of polyme—solid surfa@ repulsior and adsorption
to descrile the frictional behavia of a gd sliding on a solid
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surface When a polyme solution is placel in contad with a
solid wall, the polyme chan would be eithe repellel from
or adsorbd on the solid wall dependig on the strengh of
the interaction betwea them in compariso with the solvent.
The behavia of a cross-linke gd surfae is, from acertain
point of view, similar to tha of a polymea solution when
being contacte with asolid wall. The polyme chairs on the
surfae@ of the gd will be repelle from the surfae if it is
repulsive or will be adsorbd on the solid surfae if it is
attractive In the former case the viscous flow of solvent
betwea the solid surfae ard the polyme will make adomi-
nart contributian to the frictional force In the latter case,
however the adsorbig chan will be stretché when the
solid surfa® isin motion relative to the gel. The elastt force
increass with the deformation and detache the adsorbing
polyme chan from the substratethus it will in tumn appear
as the frictional force.

Il. MODEL

On the base of the® considerationswe hawe tried to
dedue equatios of the frictiona force expressé as func-
tions of experimenthparametes sud as the load, velocity,
volume fraction of the polymer, or the elastc modulws of the
gel. In orde to simplify the problem we confire ourselve to
following conditions.

(1) The systen is immerseal in a solvent The solvert is
atherméato the polymer, which mears the excludel vol-
ume paramete equas the cubic of the monome length.
This confinemehpermits us to use mary scalirg results.

(2) Theinterfae betwea the gd and the solid has acontact
in a macromoleculalevel.

(3) The gd hes the sane surfa® repulsio or adsorptio as

© 1998 American Institute of Physics
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tha of a linea polyme solution neglectig the cross-
linking effed of the gd on the interface interaction.

(4) The interfacid motion does nat involve any chai sciss-
ion, that is, motion occuss by desorptim in the attractive
case.

Scalirg theoly describs a gd as acollection of adjacent
blobs with aradius Rg , ead blob being associatd with one
partid polymea chan ard having a conformatia similar to
tha of a single linear chain Rg is equivalen to the radius of
a flexible polyme chan in an athermé solvent in consider-
ation of the volume excludel effect

Re=aN°®®, (1)

Herg a is the effective lengh of the monome and N is the
degree of polymerization For a gel, N is the numbe of
monome units betwea two cross-linkirg points Therefore,
we can tred a partid chan of agd in asimilar way to tha of
a solvate polyme and use scalirg resuls on the polymea—
solid interfae to dedue gd friction.

A. Repulsiv e substrate

We begh with the scalirg resut for the interaction be-
tween a polyme solution and a solid wall. When the inter-
action of the monomerc unit of the polyme with the solid
surfa@ is weake than tha of the solvent the polyme would
be repelled from the interfae ard a surfa@ depletel layer
forms According to scalirg relations this depletel layer has
a thicknes equivalen to the correlation length ¢ for a semi-
dilute linear polyme solution®

E=agp 3 )

where ¢ is the volume fraction of polymer. The interface

enery betwea the polyme solution and the solid surfae A
oD
is

A—Ay=TI1,¢, (©))

where A, is the interfae enery betweea the substrag¢ and
the pure solvert ard 11 is the osmott pressue of the bulk
solution that is given by®

Mo=T¢ 3 (4)

Equatio (3) mears tha the work dore by the solid sur-
face to repd the polyme from the surfa@ agains$ the os-
motic pressue shoul be equa to the increa in the surface
energy This surfa@ repulsian also occuss for a gel. Since a
gd is cross linked, its totd osmott pressue is zera This
mears tha when agd is put on arepulsiwe substrateit will
be repella to an infinite distane if the weight of the gd is
negligibly small Since the interfae enery betweea the gel
ard the substrag¢ shoutl be the sane as tha of a polymer
solution with a correspondig concentrationthe repella dis-
tance&y of the gd from the solid surfa@ againg a normal
pressue P can be determiné by

Pég=A—Ag=IIy¢. (5)

Accordingly, no surfae adsorptim of the polyme occurs,
and the frictional force arises from the viscous flow of the
solvert at the interface.
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Since the viscous flow of solvert obeys Newton’s law,

we can apply the hydrodynamt lubrication betwea two par-

allel plates filled with solvert to obtan the friction force®

_
&+ DT

Here two no-slip boundaris hawe been used One is, need-
less to say, on the solid surface the othe isin the gel, on a
plare parallé to the interface of one partid chan radius of
D deph from the gd surface D can be determind as fol-
lows.

When apolyme chan with an unperturbd radius R is
compresse to a thicknes D in the direction paralld to the
pressureit will be stretche to a lengh R, in the direction
verticd to the pressure The relation betwee D ard R, is

given by’

f 6

a 2/3

o - )

R,=Na

The free energy of the polyme chan unde this stae is®
5/3

a
F=TN ) (8)
At equilibrium,
(aF) (P+1IIy) (9
] =_ o),
oV N

where V=D?R, is the volume of the polyme chain From
Eqg. (9), we get the relation

D3=T/(P+1ly). (10

This indicates tha the thicknes of the layer D would
decreas unde a normd pressue P. Since IT,=T¢ 2 and
=R for agel, we have D=Rr=a¢ ¥ when P=0. This
resut correspond to the cag of no deformatia in the ab-
senée of extern& pressure Since the elastc modulws of a
gel,

E=cT/N, (12)
where
c=¢lad (12)

is the polyme concentrationN= ¢~ >* for a gel, we have
E=T¢"a’=TR:3=II,. (13

Tha is, the elastt modulws of a gd is equd to the osmotic
pressue of the correspondig linea polymea solution.
Therefore we can expres Eq. (6) in terms of E:
(e nvP 1
~ EPTR 1+ (PIE)/(1+P/E)T?

When P/E<1,

(14

(o nvP
zgﬂm'

In orde to investigae the effed of solvent contert on the
friction, we rewrite Eq. (15) as afunction of polyme volume
fraction,

(15

Copyright ©2001. All Rights Reserved.
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nvPa?

Accordingly, for a repulsive substratethe friction is at-
tributed to the viscous flow of the solvert layer betwea the
gd and the substrateThe static friction is zem ard f is pro-
portiond to the sliding velocity and the normd pressue ap-
plied when it is smalle than the elastc modulus of the gel.
Equatian (16) also indicates that the frictional force will de-
crea® with an increa in the polyme volume fraction The
physicd meanimg of this invers relation is that the higher
the polyme volume fraction the stronge the repulsio at the
interface and hene the thicker the solvent layer.

B. Attractiv e substrate

When the polyme has a stronge interaction with the
solid surfa@ than the solvent adsorptim occurs Let us con-
side a thermodynamicajl reversibk adsorption At the
equilibrium state the rate of adsorptim ard desorptia is the
same If we monitar one macromoleculgit adsorls on the
surfa@ for an averag lifetime r,. After r,, it spontane-
ously desorls from the surface It takes a time 7; before the
polymea adsorls on the surfa@ again The relation between
T, and 7; is given by

7o =17 " exp(—Fagd T) 17)

her F .4 is the adsorptiom enery of one chain When the
solid surfa@ is in relative motion to the gd surface the
adsorbig chan would be stretched The elastt force f, of
the chan increass with time due to the accumulatia of
stretchirg and at a deformatio of r = t,®

fe=Tr/RE=Tut/RE. (18)

Here, v is the sliding velocity and is the time elapsed after

adsorptio occurrel and thus the averag value of t<r,.
The elastt force will detat the adsorbilg chan from the
substra¢ and appeas as friction. This friction mechanim is
quite similar to wha occurrel when rubbe slides agains a
had substrate Therefore we cen follow the outline of the
modd proposé by Schallamak for the cae of dynamic
rubbe friction to dedue the friction force of a gd on an
attractive substrat€. The dynamt friction per unit area due
to adsorptim can be expresse as’

m
f=> Tot;/RE=mTvr,/R2. (19
i=1
Here misthe numbe of adsorbimg sites per unit area Since
agd can be treata as acollection of blobs with radius R,
the numbe of chairs per unit area is 1/R2. If we trea one
chai as one adsorptio site, the possibe adsorptio site is

mo=1/R2. (20)
The fraction of totd sliding time during which a polymer
chan isin the adsorbimg stakeis 7, /(7,+ 75). Thisis equiva-
lent to the fraction of adsorptiom site tha is at ary given
instart in the adsorbiny state so

m:moTb/(Tb+Tf). (21)

J. Gong and Y. Osada

Thus the friction due to adsorptio is

T (1! 7¢)?

- Ré (mp/7s+1)" 22

Following Schallamacts mode| the adsorptim and de-
sorptian are attributed to therma fluctuation The stretching
of the chan would favor desorption tha is, it would lower
the enery differene betwea the adsorbig stae and the
free stak by avalue of F,. Here F isthe elastt energy of
one stretche chain,

c _3Tr? 3Tvt? 03
So the transition rate from the adsorbig stae to the free
stak becomes

p=r1; " exd — (Fags— Fe)/T]. (24)

The abowe relation suggest that the adsorptio time 7, isa
function of the deformation rate or the sliding velocity.
Here insteal of a quantiyy which is linearly proportion4 to
the deformatia used in Schallamachs mode| the elastt en-
ergy of the chan F,, which relates to the deformatia in r?,
isused Sop will increase with the deformation more rapidly
than in Schallamacls model.

Next, we derive the averag lifetimes r, and 7y . Wefirst
estimater; of a cross-linka polyme chah in the free state.
The cross linkage makes it impossibe for the polyme chains
to chang their relative positions tha is, they canna diffuse
independentl like a linear chain does But at alocd thermal
fluctuatian level, the polyme chan of a gd shoutl hawe a
dynamt propery similar to tha of a linea one Tha is,
every blob of the gd thermaly fluctuates arourd its equilib-
rium position like a had sphee of radiss R does This
consideratia permits us to use the Kirkwood approximation
to obtan the following relaxation time:

re=nR3/T. (25)
Since the elastt modulws of a gd E=TR-3, we have

= nlE. (26)
For atypicd hydrogé E=10° Paand =103 Nsm™?, so
7=10"%s.

7, Can be obtainel following Schallamacts approach,

dm/dt=—pm. (27)
By integration of the abowe equation we have

m/mt_0=exr{ - fotrf_lu exp(3v2t2/2R2)dt |, (28)
wher u=exp(—F,4/T). 7, is given by the integral

Tp= ! fwmdt (29

M=o Jo

which can only be solved numerically When 312t%/2R2
<1,

(30

2t3
_ -1 v
m/mt_o—ex;{ — 7 ul t+ ﬁ%”

Copyright ©2001. All Rights Reserved.
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FIG. 1. Normalized averag lifetime ur,/7:= ¢(a/u) of polymer adsorp-
tion as afunction of normalizel sliding velocity a/u= 7v/uE?*T¥3, The
dotted curve is calculatel from the approximatio equatian of Eq. (31).

o]
UTb/Tf:f exr{ —X—
0

The abowe equatio indicates that ur, /7 is uniquely deter-
mined by the parameter v7;/uR:. If we denote «
=7 /R and the integration in Eqg. (31) as ¢(a/u),

2 2
D x3|dx
sure X | ox

(31)

(32

For acertan u, 7,/ 7¢ is afunction of «, which only depends
on the sliding velocity. As shown in Fig. 1, when a/u—0,

ur,/ 7= @(alu).

J. Gong and Y. Osada 8065

10! B e Bas Bat Bat nat
10°

10™
ﬁ 1072

107 L

10 L

10-5 I I I R I
107 107 10 107" 10° 10" 10% 10°

o

FIG. 2. Normalized frictional force f/E due to adsorptim as afunction of «
for variows adsorptio enery F 4.

In orde to estimae F.q4, let us first conside a single
polyme chain When a polymea chan with an unperturbed
radius R is adsorbd on asolid surface it would defom to
a size D in the direction verticd to the surface The energy
due to this deformatim is given by Eq. (8) and that due to
adsorptia is

Faa=TNST, . (35)

Here T4 is the effective attraction energy between a mono-

mer unit and the surfa@ in respet to the solvent f is the

¢(a/u)—1, this corresponds to the equilibrium case of Eq. 4tig of the partid chah adsorbed

(17) at v=0. Whena/u—», ¢(a/u)—0, this indicates that
when the sliding velocity is very large there would be no
adsorption The dotted line in Fig. 1 is calculatel from Eq.

(31). Whena/u>0.1, it begins to deviate from the accurate

curve obtaina from Eqs (28) ard (29).
Using Eq. (32), we can rewrite Eq. (22) in the following
form,

a@?(alu)

te= u(u+e(alu))’

(33
For a finite u, when «—0, f/E—a/u(u+1), when «
—oo, f/E—0. Figure 2 is the relation betwee f/E anda for
fixed u values The linear relation betwee f/E and « re-
mairs valid when «/u<0.1. As can be expected from the
resuls for rubber f/E has a maximum for a certaina. For a
certah velocity, f/E increass with an increag in the ad-
sorptin energy.

The dimensionles parametera=v7;/Rg can be ex-
pressd in terms of the experimentall measuratd param-
etess by using the resut for 7;:

a=vyl/EZTE, (34)

Thus the only parameteto be determiné in Eqg. (33) isu

=exp(—F,4/T), which shoutl be affectal by the external
pressue P applied to the gel This can be understod by

imagining a collection of blobs on a solid surface These
blobs defom arnd increag their conta¢ with the substrate
unde the externd normd pressurewhich suggest that the
adsorptim energy would increag with the pressure.

(36)

b=pH-

D

The free energy of the polymea chan in the adsorbig state

is®

F=TN

5/3
—) —TN&f,. (37)

D

We agah suppos tha thes scalirg relatiors are valid
for a polyme chan belongirg to a network According to
Eqg. (36), the adsorptiom enery is inversey proportiona to
D, we ned to discus the pressue dependeneof D. At the
equilibrium state Eq. (9) is valid agan and we g« the rela-
tion
2/3

=1.

D

a

D

a

(P+IIy)ad
—

3+35
5

(39

By expressig Il in terms of ¢, it is found that when
5< ¢ the seconl ter of Eq. (38) can be neglectd and
we hawe Eqg. (10) again which indicates tha when the ad-
sorptian enery is very small the deformatia is attributed to
the externd pressue and the deformation due to adsorption
can be neglected.

When 6> ¢'2, the first tem of Eq. (38) can be ne-
glectad and we have

D=as 32 (39

Copyright ©2001. All Rights Reserved.
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FIG. 3. Dependeneof the adsorptim enery F ,450f one partid chain on the
parameteds Y2 unde various normd pressuresThe numbe in the figure
is P/E.

This indicates that D is not sensitive to the externé pressure
when the adsorptio is very strorg and the deformatia is
cause by the adsorption Therefore we have

T 25(1+Pa% ¢**T)1®  for <o

Fads T ¢75/4 5572 for 6> ¢1/2.
(40)

The abowe relation indicates that for wed& adsorption the
adsorptim energy of one polyme chan is related to the ap-
plied pressue in F 4o PY® when P is relativel large than
the osmott pressue of the gd sinee E=T¢%¥as. For
strorg adsorption F .45 iS not sensitive to the pressure It
shoutl be pointed out tha the criteria for week adsorptia is
not determine by the condition 5<1 but by 8¢~ *?< 1. Fig-
ure 3is the calculatel relation betwea F .4/ T and 8¢ 12
for various P/E values.

In the cas of adsorptionthe friction due to the viscous
flow of solvert at the vicinity of the interface also exists By
choosiry the no-slip bounday at a layer of one blob deep
from the gd surface,

nv(1—¢g)?°
v D .
Here, ¢, is the volume fraction of polyme at the vicinity of
solid surfa@ and can be expressé as

ds=Nfya?/R:= p4alD).

f (41)

(42

For a highly wate swollen gd with a weg adsorption 1
—ds~1—d~1, we have

7’]VE1/3T71/3(1+ P/E)l/3 5< ¢l/2

L=\ 0 saE 5> 12 43

Ill. DISCUSSION

In Sec I, we hawe obtainel relatiors for the frictional
force of a gd sliding on a solid surfae by considerig the
interaction of the solid surfae to the gd surfa® as repulsive
or attractive For a repulsie substratethe friction is attrib-
uted to the hydrodynamt lubrication of the solvert and Eq.
(14) can be rewritten in the following form:

J. Gong and Y. Osada

10° g rrrmm—rrrom TP
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FIG. 4. Pressue dependene of the frictional forces for gels sliding on a
repulsive substrag (dotted curve as well as on attractive substrate with
various 8¢~ 2 values (solid curves. a=2.7x 10" * was usal in the calcu-
lation, this value correspondig to »=10"* m/s for a gd of ¢=0.04, a
=3x10"m, =102 Ns/n?, ard T=4.14x10"2* J (T=300 K).

nv P/E
EZRTB 14+ (P/E)/(1+P/IE)™*

For the attractiwe case the friction is attributed to two
forces One is the force to detad the adsorbig chan from
the substrateThe othe is the hydrodynamt friction of sol-
vent Here let us further conside wed adsorptia tha is the
ca® for mary highly wate swollen hydrogels For §¢~ 12
=0.1 which satisfies the condition s<¢? u~1
— 8¢ Y1+ P/E)® when P/E<1. Whena/u is small and
the approximatio f/E=«a/u(u+ 1) is valid, the force to de-
tach the chan is

frop/E= (44)

nv

f/lE= E+§ 5¢*l/2(1+ P/E)1/3 (45)
EFTIR27 2 '

The viscows force f, of Eq. (43) for wes adsorptio can be
rewritten as

nv
f,/E= zamrmms (1+PIE)'. (46)

So the totd friction f = f + f, for the attractive substrag of
wedk adsorptia is

1 3
fan/E= o §+(1+ S 6712 (1+ P/E)m}
(47

at smal pressuresBy using the relation E=T¢%%a "3, Egs.
(44) ard (47) can easily be expresseé in terms of the polymer
volume fraction.

In orde to see the magnituc of the friction obtainel by
the modeling we calculat the friction values using proper
parametersFor the gel, we use the parametersp=0.04, a
=3x10 19m, this gives out E~10° Pa Otha parameters
are as follows: =103 Ns/n?, T=4.14<10"21J (T
=300K).

Figure 4 shows the calculate curves of the relation be-
tween the friction and the normd pressue for a gd sliding
on a repulsiwe substra¢ (dotted curve at a velocity »

Copyright ©2001. All Rights Reserved.
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FIG. 5. Experimenthresuls of the dependene of the frictional force f on
the pressue P for PVA gd (O) and PNaAMPS gd (@) sliding on the glass
substratef and P are normalizel by the elastc modulws of gels E. E=1.5
X 1P Pafor PVA gel; ard E=1.0x 10° Pa for PNaAMPS gel. Sliding ve-
locity: 7 mm/min, conta¢ area 30 mmx30 mm. Detailed experimental
procedure ard conditiors were describé in Ref. 1.

=10"* m/s using Eq. (44). When P/E<1, fxP, the coeffi-
ciert of friction for arepulsive substrateu= f/P is constant.
At a velocity v=10"% m/s, u~10"3. When P/E>1, f

o P1/3.

The observed frictional force of the sodium
sat of poly(2-acrylamido-2-methylpropanesulfeniacid
(PNaAMPS gd sliding on a glass substrat showel alinear
pressue dependene (Fig. 5).! This is similar to the theoret-
ical prediction In addition the magnituek of the friction of
the observe dat is in the sane orde with tha of the theo-
reticd curve Besidesthe gd showel almog alinear depen-
den@ on the sliding velocity. The® coincidence suggest
tha the interaction betwea the PNaAMPS gd and the glass
is repulsive which is reasonald considerig the fact that
both the PNaAMPS gd and the glas hawe negatie zeta
potentials®

Figure 4 also shows the theoretica curves of the pres-
sure dependeneof friction for attractive substrag with vari-
ous 8¢~ 2 valuegsolid curves. When P/E<1, the friction
is nat sensitie to pressureWhen P/E=1, the pressue de-
pendene of friction can be divided into three categories(1)
when ¢ 1?<1, fc P2 asindicatel by Eq. (47); (2) when
8¢~ 12~1, f increase with P rapidly as shown in Fig. 4; (3)
when ¢~ Y21, f« PP, as suggestd by Fig. 3.

The observe friction on polyvinyl alcohd (PVA) gels
sliding on a glass substrat is very nea the theoretichone in
the attractive cas with a paramete®¢~+?=0.1 (Fig. 5).} In
addition the load dependene of friction of PVA gd is f
« P2 which is quite nea the predictel relations Therefore,
the interaction betwee PVA and the glass surfa® is sug-
gestel to be attractive with an attraction paramete¢ ~ 2 of
abou 0.1.

In this model we hawe supposd tha the interfae be-
tween the gd ard the solid has aconta¢ in the macromo-
lecular level. This assumptia was justified by the experi-
mentd fact that highly water-swoll& gels showel a linear
dependeneof the friction on the apparehcontad area under
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FIG. 6. Relatin betwee the frictional forces ard the normalizel velocity
a= nvlIE?*T3 for geks sliding on attractive substrate with various 5¢~ /2
values P=0.

a wide pressue range’ The natue of contad betwea a
highly water-swolle gd and a solid is quite differert than
tha betwea two solids Since the elastt modulws of a gel
usualy liesin arange of 10°—~10° Pa which is much smaller
then tha of a solid, a smal pressue would be sufficiert to
cau® the gd deformirg to amolecula levd conta¢ with the
opposimy surface In addition surfae tensio of a gd also
helps to make amolecula contad¢ of gd with the solid sur-
face However since a gd has afinite elastc modulus the
assumptia of molecula levd contat¢ will only be valid
when the pressue P is moderate} large in a scak of elastic
modulws E of the gel. Therefore we might not be able to
obsene the limit f«P® when P— 0 as shown in Fig. 4, in an
experimemof macroscopi contac size sud asin an experi-
mert using a tribometer The gd friction might largely de-
perd on the load even when the load is very smal in terms of
the elastt modulws of the gel.

As has been demonstrate by Eq. (44), the friction on a
repulsive substrag has alinea dependeneon the velocity.
For the attractive substrate the adsorptiom force increases
first, then via amaximum value it decreasgewith the veloc-
ity, while the viscous friction increase with the velocity mo-
notonously Accordingly, the totd friction of the gd will
exhibit a large dependene on the velocity. Figure 6 shows
the theoretich curves betwea the friction and the sliding
velocity for attractive substrate of various 8¢~ 2 values.
The pressue is sé to zer for simplicity. For weak adsorp-
tion, the viscots friction and the adsorbiry friction are al-
modg the same so the gd only shows a monotonos increase
with the velocity. For strorg adsorption the friction is
mainly attributed to the adsorptiem when the velocity is low.
After the maximum adsorptim friction, the viscous friction
becoms predominant.

As shown in the previows paper for all gd sample mea-
sural in a velocity range of ¥=10"4-10"2 m/s the fric-
tiond force increass with an increag in the sliding
velocity * The double-logarithmi plots of f againstr showed
approximate} linear relatiors in this velocity range The
slope of the lines change from 0.21 to 0.67, dependig on
the gd specis as well as the wate contert of the gel. In the
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velocity rangev=10 4-10"2 m/s the normalizel velocity
parameter a=vy/E?*TY3~107%-10"2 if we use 7z
~10"3 Ns/n?, and E~10° Pa In this a range, the theoret-
ical curve showa alinea relation betwee f and o (or v)
(Fig. 6) which does nat perfectly agree with the observation.
One reasa for this discrepang is probaby due to the water
loss of the sampk during the prolongel measuremerin air.
Furthe experimenth investigatim in wate is under
progress.

The viscous friction of the solvert might be overesti-
mata sinae we hawe usal the Newtonian flow modd with a
no-slip bounday which is chose to be locatel at a deph of
~Rg from the gd surface The no-slip bounday might be
much deepe than R, or a slip bounday shoul be taken
into consideration Otherwise even a a very low sliding
velocity, this thin shearimg layer would give out a very strong
shea stran rate (stran rate=velocity/solven layer thick-
ness. For example if we use parameters$p=0.04, a=3
X107 m for the gel, Rr=3.4x10"°m. When v
=10 * m/s the stran rate ~10° s~ 1, which is very high
ard the flow is not Newtonian'®

In calculatirg the visco force, we hawve simply used the
viscosily for bulk water. Apparently the viscosiy of the sol-
vent nea the gd—solid interfaee would be quite different
from that in the bulk stak due to its strorg interactian with
the polymer. Therefore,» might have complicated depen-
dencies on v, P, ¢, and on the chemical structure of the gel.
Besidesthe behavia of a liquid trappel in a ggo as narrow
as severdnm is expectd to be much different then tha of
bulk liquid.** Molecula triobology analyss of fluids has
provided an experimenthpicture which shows tha when the
film is sufficiently thick (micrometes or more), it obeys con-
tinuum relations At smalle film thicknes (on the orde of
angstroms or nanometers the films becone solidlike in the
seng tha sliding does nat occu unles a certan shea stress
(or “yield stress’) is attained A detaile investigation of
this is beyord the scope of this paper.
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Although this modé has ignored the numericd coeffi-
ciensin the bast scaling relatiors and treatel a cross-linked
chan as afree ong the predictiors of the frictiona force on
the dimensionh factors of parametes P,v,¢,E,5 have a
goad corresponderewith the observationswhich confirms
the essentibfeatue of the model.

This work may be extende to the cas of gd—gd fric-
tion and find applicatiors in understandig triobological

behavio in biosysters or in developmeh of biotech-

nology 1?13
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