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Abstract: Force-induced desorption of semi-flexible linear polymers in good solvents
and non-homogeneous media is studied. We apply the model of self-avoiding walk with ben-
ding rigidity on 3-simplex fractal lattice. One boundary of the lattice represents an adsorbing
wall, while an external force (perpendicular to the wall) pulls the polymer from the wall. Due to
the hierarchical structure of the lattice under study, the phase diagram of polymer critical beha-
vior can be exactly studied by real-space renormalization group method. Temperature depen-
dence of the critical force, at which desorption occurs, is obtained and discussed for various
values of the bending rigidity. Influence of the force and the polymer rigidity on the nature of
desorption phase transition is also analyzed. All obtained results are compared with the related

previous ones.
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1. INTRODUCTION

There is a continuous interest in the study of
polymer adsorption at surfaces [1], since findings from
these studies can improve various technological pro-
cesses, as well as our understanding of biological
systems functioning. This interest has been renewed
with the recent development in experimental microma-
nipulation techniques, which made it possible to pull
individual adsorbed polymer off a surface [2]. In the
limit of high dilution in a good solvent, one can assume
that one polymer chain interacts only with an adsor-
bing wall. If external force is not present and attractive
interaction between polymer and wall is strong enough
(or temperature is low enough), the polymer stays close
to the wall forming an adsorbed phase. For weaker
attraction (or higher temperatures), polymer stays
desorbed and behaves almost as if there was no wall.
The transition between these two polymer phases, so
called pure desorption transition, has been studied
theoretically and computationally using various
models. When one end of a polymer is attached to an
adsorbing wall, and the other end is pulled away by the
application of an external force, the polymer is straig-
htened along the force direction, so that properties of
both desorbed and adsorbed phase can be changed, and
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nature of the adsorption transition itself is altered [3].
In addition, the fact that real polymers display some
degree of stiffness can also affect the adsorption, which
is taken into account in models of semi-flexible
polymers [4].

Adsorption of semi-flexible polymers subject to
a force was usually studied within the models situated
in homogeneous environment, whereas in real situati-
ons adsorption occurs in the presence of different kinds
of heterogeneities. Deterministic fractal lattices proved
to be useful in various studies of polymer behavior in
non-homogeneous media, since self-similarity of such
lattices often enables an exact treatment [5]. Therefore,
in this paper we model linear polymer in a good sol-
vent by semi-flexible self-avoiding walk (SFSAW) on
3-simplex fractal lattice. Here, the stiffness of the
polymer is incorporated in the SAW model by introdu-
cing an energy penalty € > 0, for each bend in the
walk. Adsorbing wall is represented by one of the
edges of the lattice, and it is assumed that every
monomer at the wall has energy ¢, < 0, whereas
monomer lying in the layer adjacent to the wall has
energy & > 0 [6]. Polymer is pulled away from the
wall by a force f, which is perpendicular to the wall. By
applying an exact real-space renormalization group
(RG) method, we first analyze the pure adsorption
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(f=0), and then extend that analysis in the case when the
force is applied. We calculate the dependence of critical
value f. on the temperature 7, i.e. find the boundary in
the phase plane (7, f) which separates SFSAW adsorbed
(<f. (I)) from the desorbed phase (>f. (7)), and
analyze the influence of the rigidity and the force
strength on the nature of the desorption transition.

2. PURE ADSORPTION OF SEMI-
FLEXIBLE SAW ON 3-SIMPLEX FRAC-
TAL LATTICE

3-simplex fractal lattice is a well-known fractal
lattice [7], which can be constructed starting with a
complete graph of three points and replacing each of
these points by a new complete graph of three points.
This is the first stage of construction of the lattice (so
called first order generator), and subsequent stages are
constructed self-similarly, by repeating this procedure
ad infinitum. Structure obtained in the 7™ step of con-
struction is called " order generator. In order to inve-
stigate pure adsorption of SFSAW on this lattice, we
adopt the real-space renormalization group (RG) met-
hod, applied in [6] on pure adsorption (/=0) of fully
flexible SAWs. In that approach, one introduces the so
called restricted generating functions, which are defi-
ned as statistical weights of all possible symmetrically
non-equivalent SFSAW conformations that traverse an
" order generator. Statistical weight of a SFSAW,
consisting of L monomers (sites), with K bends, M
monomers at the adsorbing wall (represented by one of
the edges of the lattice) and N monomers in the layer
adjacent to the wall is equal to x"s*w"#" (see Figure 1
for an example), where s = e kBT w =e kBT and

£t

t = e k8T are Boltzmann factors (weights) associated
with each bend, monomer at the wall, and monomer at
the layer adjacent to the wall, respectively, whereas x
(fugacity) is the weight associated with each site of the
walk. There are six possible types of such restricted

generating functions, Bl(r), Bz(r),B?Er),Bl(a,),Bz(?,Bg? ,
which correspond to six types of SFSAW conformati-
ons at the 7" order generator (see Figure 2). In the
context of RG method, these functions represent RG

parameters, and they fulfill the following RG equations

B = B2 4 B2B,, (1)
B{*Y = B,B,(1 + By), )
BV = B2 + BZB,, 3)
By = B2, + BB, 0
Bz(:H) = B1By¢ + B1y B3¢ By, (5

B3(§+1) = By¢B, + B1ywBs3¢ By, (6)

where functions on the right-hand side correspond to 7"
order generators.

)
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Figure 1. An exa If-avoiding walk (of
By, type) traversing the second order generator of the 3-
simplex fractal lattice. Horizontal boundary of the lattice

represents the attractive wall. Each of L=19 vertices visited
by the walk (thick line) represents a monomer, number of

bends within the walk is K=12, number of monomers at the
wall is M=6, and the number of monomers at the layer adja-
cent to the wall is N=3, so that statistical weight of this
SFSAW is x"’s"*w’f’

Starting with the initial conditions

B = x2 4 x353, (7
BZ(O) = x?s + x3s?, ®)
Bg(o) = x25%2 + x3s, )
BY) = x*w? + x3w?t 53, (10)
B = x2wt s + x3w2t 52, (11)
B = x?wt s + x3w?ts, (12)

one can numerically analyze behavior of the RG para-
meters, for various values of x, s, w and ¢, thus finding
the following.
For each 0 <s<1and0 <t <1 there is a
critical value w = w,(s, t) such that
e Forw < w,(s,t) and x = x2%¥ (s) the fixed point
(B1, By, B3, Byw, Bay, B3r)™ = (B, B*,B",0,0,0), (13)
where B* = (\/5 — 1)/2, is reached forr > 1. This
corresponds to desorbed (bulk) phase of the SFSAW,
which was analyzed in [8].
e For w > w,(s,t) and x = x.(s,t,w) < xZ%k(s)
the fixed point
(B1, By, B3, Byw, By, B3)™ = (0,0,0,1,0,0) (14)
is obtained, which corresponds to the adsorbed phase.
e Exactly for w = w,(s,t) and x = x?*k(s) the
symmetrical fixed point
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(BliBZrBS'Blw' th' B3t)* = (B*,B*,B*,B*,B*,B*), (15)

is reached, at which the pure adsorption phase transi-
tion occurs.
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Figure 2. Different types of semi-flexible SAW conformations
(wavy lines) that are possible on generators of any order
(triangles), which are situated in the bulk (first row) or at the
adsorbing wall (second row)
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Dependence of the critical fugacity x.(s,t, w)
on w, for =0.5, and s=0.5 and 1, as well as w,(s, t) on
s for +=0.1, 0.5 and 0.9 are presented in Figure 3.

Physical meaning of the obtained fixed points
can be confirmed by calculating the average number of
monomers at the adsorbing wall and comparing it with
the average length of the SFSAW. Since the function
QM = Bl(;,) + BZ(Z) can be taken as the grand canoni-
cal partition function for all possible SFSAWs, starting
at the lower-left corner of 7" order generator (lying on
the adsorbing wall) and leaving it through one of its
remaining two corners [6], the average number of
monomers at the adsorbing wall (M ™) and the avera-
ge overall number of monomers (L) are equal to

() ()

)y — w 0B;,, . 0By
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Figure 3. Pure adsorption case. Left: Critical fugacity x. as a function of the attractive surface interaction factor w, for repul-
sive surface interaction factor t=0.5, and stiffness parameter values s=0.5 and 1.0. Insets, representing magnified vicinity of
the corresponding values of w.. (denoted by dashed vertical lines) show that curves x.(w) are smooth at w=w,, indicating that
the unbinding transition is continuous in both cases. Right: Critical value w.as a function of s, for t=0.1, 0.5 and 0.9. Area
above the line w.(s,t), for each fixed t, corresponds to the adsorbed phase

From the RG equations (1)-(6), one can
straightforwardly obtain recursion relations for the
partial derivatives of the restricted partition functions,
and then, starting with the corresponding initial values,
simultaneously iterate all these recursion relations at
each fixed point (13)-(15), for various values of w, ¢
and s, and finally calculate (M) and (L)), for
r > 1. In such a way, we have obtained the following
results.
eFor w < w.(s,t) and x = x?“*(s) the average

number of adsorbed monomers (M () quickly appro-
aches some constant value, whereas (L) - o0, so

that (M™) /(L™ - 0, as expected for the desorbed
phase.

e Exactly at w = w_,(s,t) and x = xP"K(s), both
(M®) and (L™) become indefinitely large for
r > 1, in such a way that again (M@ (L™ = 0.

eFor w> w,.(s,t) and x = x.(s,t,w) again both
(M™) and (L™M) - oo, but the relative number of
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adsorbed monomers (M™)/(L™) tends to some
value which depends on (w-w.), and approaches 0
whenw — w,.
This is illustrated in Figure 4 (left-hand side).
Since quantity (M ™) /(L™ represents an order para-
meter for the adsorption, it follows that transition occur-
ring at w=w, is a continuous phase transition. On the
other hand, % - x% % [6], which means that x.(w)
should be smooth at w=w,. That certainly is the case, as
can be checked by numerical examination (see left-hand
side in Figure 3). In Figure 4 (right-hand side), quantity
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In(M ™) /In(L™) is presented as function of 1/r, for
w = w.(s,t), 0.2, 0.5 and s=0.1, 0.2, 1.0. It seems
that In(M™)/In(L")) approaches ¢=0.5915 for all
values of ¢ and s, when r — oo, supporting the
expectation that the scaling relation

(MY~(LY® , (18)
is obeyed for all studied values of s and ¢, with the
value of the crossover exponent ¢ quite close to the
value obtained via RG analysis for flexible SAWs on

2d Sierpinski gasket [6]. Similar analysis can be per-
formed for the SFSAW case, as follows.
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Figure 4. Pure adsorption case. Left: Relative number of adsorbed monomers, for SEFSAW traversing " order genera-
tor, as a function of 1/r in the vicinity of the unbinding transition, for s=0.5, t=0.5. Right: ™ = In(M®) /In(L™) as a
function of 1/r, for interaction factors w=w,(s,t), t=0.2 (empty symbols), 0.5 (full symbols) and s=0.1 (circles), 0.2 (triangles),
and 1.0 (squares). For all t and s values, $"”"— ¢$=0.5915, when r—o

From the RG equations (1)-(6) one can obtain
recursion relations for the derivatives of RG parame-
ters in the matrix forms

axgty _ o ox (19)
ow 2 aw ’
(r+1) ()

X" _ g, 2% 20)
ox ox '’

aX(r+1) _ RaX(r) 21
ax ox ’ @D

where X Elr) , X l(,r) and X™ are columns comprised of
the RG parameters in the following way

T

x$ = (BB BY) (22)
T

xy = ("B, B, (23)

T
x? = (B, BB, B0), B, BY) . (24
and matrices R, , Rj, and R are defined as
6(XE:+1))_
R)ij = T - (25)
(Xa )]'
O(XE,HI))_
(Rp)ij = Tl, (26)
a(xy )j
a(x(r+1))i
(R);j = ) 27)
J
Due to the fact that bulk RG parameters

Bl(r“),Bz(rH),B?frH) do not depend on surface RG
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parameters Bl(;,) ,Bz(?,Bg) , as can be seen in RG

equations (1)-(3), matrix R has the block form

~ Rb 0 ) ~ O(XE:H))i
J

Since at the symmetrical fixed point (15) matrix R, has one
eigenvalue Ay = (V5 ++/37 — 16V5)/2 = 1.6709  larger
than 1, R, also has one  eigenvalue
A, = (7 =+/5)/2 = 2.38197 larger than 1 and i< 4,,
from (16) and (17) it follows that at the desorption transi-
tion relations

(M)~ 15, (29)
(LON~A5, (30)
are satisfied and the scaling relation (18) indeed holds,

with the crossover exponent
InA S

¢ =22 = 05915, 31)

exactly the same as for the fully flexible SAW model
[6]. Here we note that the eigenvalue 4, determines the
end-to-end distance critical exponent v of the SFSAW,

for w < w, , through the relation
In2
VEon S 0.7986, (32)

which indeed corresponds to the SFSAW in the bulk of
the 3-simplex fractal lattice [§].

3. FORCE-INDUCED DESORPTION

In this section we assume that SFSAW is attac-
hed to the adsorbing wall via one of its ends, while its
other end is pulled from the wall by the force f, which
is perpendicular to the wall. In such a case, one needs

14 restricted generating functions (RG parameters):

) p) p@) ._ .p@M, p(M) p() ._ .
B;"”,B;,, B, i=123; By); Bjl), B;/”,j=2,3, which
correspond to the oriented SFSAW conformations,
sketched in Figure 5. RG equations in this case have

the form

BU*Y = B2 4 B,,B, B, 33)
B{*Y = B\B, + B,,B3B;_, (34)
BY*Y = BZ 4+ B,B,.B,_, (35)
31(;“) = Bf; + B31By1 By, (36)
B = B,y By4 + By B34 By, (37)
B{*" = B3, + B;B31B,., (38)
Bl(;ﬂ) = B}, + B¢ By _Bs, (39)
By = By Biy + BiyBaesBas, (40)
Bt = ByeyByy + BuyyBayiBiy. (41)
One should note here that the end-to-end vectors of the

conformations that correspond to the functions Bl.(r)
and Bl(CV) are perpendicular to the direction of the force,
therefore these functions do not depend on f and
actually are the same as in the pure adsorption case, so
that initial conditions for these functions are given in

(7)-(12). Also, the following relations are satisfied

By =y B, i=123, 42)
Bil=y* Bl j=123 43)

where functions Bi(r), Bj(tr ) were defined in the previo-

V3r
us section for the pure adsorption case, and y = e?s7.

B;_ By, By
BE— Bz;- BSr-

Figure 5. Schematic representation of all possible, symmetrically non-equivalent conformations of SESAWs subjected to the
pulling force f;, perpendicular to the adsorbing wall. Oriented lines represent polymer parts traversing the ¥ order generator
(triangle), whereas the wall is indicated by the thick gray line
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Therefore, using these relations, together with (7)-
(12), one can obtain initial conditions for all 14 RG
parameters and subsequently iterate RG equations
(33)-(41) for various values of x, s, w, ¢ and y. In
such a way we have found that for all studied
0<t<1 and 0<s<1, there is a critical

(BiBy+) B2y, Bay, Bio, By, Bort, Baey, Bjr-) = (0,B14, B5, (B31)%,0, By, B3y Bies, 0),

where

value w.(s,y,t) , such that for w <w.(s,y,t)
SFSAW is desorbed and elongated, for
w > w.(s,y,t) it is completely adsorbed, whereas
for w = w,(s,y,t) desorption transition occurs. In
all three cases fixed point of the RG equations is of
the form

(44)

(1,B5,,0,B5;4,B3:4), for w<w,,

(B14)B24) Biw, Bty B3ey)™ = (1,B34,1,0,0),
(0,0,1,0,0),
Values of Bj;, depend on's, y, w and ¢, and for fixed s,
y and ¢ they tend to oo when w = w,.(s,y,t). The
fixed points are reached for critical values x. of

fugacity

xPUk (s, y), for w <w,,

for w=w,,
for w > w,.

(45)

which are presented as a function of w, for =0.5, s=0.5,
and several values of y in Figure 6. Slope of the curve
x.(w), asw = w, + 0 is finite for y>1, indicating that
the phase transition is of the first order, which means
that force changes the nature of the desorption transition

Xp = { - (46)  (compare with Figure 3). This was found for all studied
xc (s,t,w) < x"(s, y), for w>w, valuesof 0 <s<1,0<t<1landy> 1.
=
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0.8 - !
X, | .
L ! =
=1 y
! |
07 | \ !
] ] |
-/ '
06 |- . | !
: y=15|! |
! : !
] ] |
| \ .
L ! 1
or = .
! 1
Wc : w !
) l\\: . I A 1 Wc.\;: I A 1 )
1.0 1.1 1.2 1.3 1.4 15 1.6 1.7

w

Figure 6. Critical fugacity x. as a function of the attractive surface interaction factor w, for rigidity factor s=0.5, repulsive
surface interaction factor t=0.5, and force factor values y=1.0, 1.5 and 2. Only for the zero-force case, y=1, the curve x.(w) is
smooth in the vicinity of the desorption transition, as can be clearly seen in the corresponding inset (and also in Figure 3).
When SESAW is pulled by the force (y>1),critical fugacity x, is constant for 1 < w < w .. (but smaller then in the case y=1),
and for w>w, it is equal to the corresponding value for y=1. Therefore, for y>1 lines x.(w) are not smooth at the desorption
transition, indicating that force-induced desorption transition is of the first order, in contrast to the zero-force case

Similar to the pure adsorption case, the average
length of SFSAW, as well as the average number of
adsorbed monomers can be calculated within the grand
canonical formalism, by taking Q™ = Bl(rw) + 82(2 as
grand canonical partition function in this case. In Figu-
re 7 we have plotted (M@)/(L™)) and
¢@ =In(MT) /In(L™) as functions of 1/r, for
some values of s, y, t and w. As one can notice, in the
bulk phase, w<w, , the order parameter
(M@ /(L™ tends to 0, for large r, whereas in the
adsorbed phase, w > w,, it tends to some finite value,

which depends on w, and approaches 1, as w increases
(left-hand side in Figure 7). It can be clearly seen that
whenw — w, + 0 the order parameter (M ™) /(L))
does not tend to 0, thus confirming the conclusion that
in non-zero force case desorption transition is first
order phase transition. The right-hand side panel in
Figure 7 shows that ™ — 1, so that the scaling rela-
tion (M)~(L)? is satisfied, with the value of the cros-
sover exponent ¢ = 1. This result can also be obtained
by analyzing matrix recursion relations for derivatives
of RG parameters with respect to x and w, at the fixed
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point which corresponds to the desorption transition.
Such analysis leads to the conclusion that both (M ™)
and (L) behave as 2", so that indeed (M)~(L).
Knowing the critical value w,(s,y,t), one can
find the critical force f. through the relation
Isf_:vl = %ln y/Inw,(s,y,t) and consequently its depen-
dence on the temperature T  (since
T/(lewl/kg) = 1/Inw,.(s,y,t)). Some of the obtained
results are presented in Figures 8 and 9. The main con-
clusions that follow from these results are:
o Critical force f, monotonically decreases with tempe-
rature T.
oAt T - 0, critical force f, approaches the value
which does not depend on s and ¢t. Numerically obta-

ined limiting value for %, whenT — 0, is close to
w

% = 2.3094. This particular value follows from the
observation that for large y (low T) one obtains the
fixed point value By, = 1 almost already for the ini-

tial value B. ©

1+ » and, similarly, forw = w,, one has

Bl(g,) ~ Bj,, = 1. Taking into account how B1(3-) and
31(3/) depend on y and w, the limiting value 4/+/3 is
directly obtained.

eFor T > 0, as s decreases, critical force increases
(which can be seen in Figure 8), i.e. larger force is
needed to detach less flexible SFSAW from the wall.

o For fixed rigidity factor s (Figure 9), larger force is
required to detach SFSAW for larger values of ¢ (i.e.
weaker repulsive part of the interaction between the
polymer and the wall).

t=0.5
1.00
M YT — Ve 1.00 4 FLL: = O
s T kY y=2.0: —| | 5=0.2: O
L gl o %
095+ - w=2.0 g
< —O—w=1.5 0.98 4
Ho—w=1.483
O—w=1.4828
HO— w=wc
O fv-w=14827
\ A\~ w=1.482 0.96
0.90 Z= FOo—w=1.1_ |&2
0.4 4 0.94 -
0.2 1
; 0.92 4
# o
_ o-o-07
i ST 5205, y=2.0
— T 090 +——F——T——T T
0.00 005 0.10 015 0.20 025 0.00 0.01 0.02 0.03 0.04 0.05

1/r

1/r

Figure 7. Left: Relative number of adsorbed monomers on ¥"generator, as function of 1/r, for rigidity factor s=0.5, force
factor y=2.0 and various values of attractive surface interaction factor w. Critical value of w is w.=1.48272... Right:
¢ = In(M ™) /In(LT) as function of 1/r for y=2.0,5.0 and s=0.1,0.2,1.0 (W = w,). For all presented y and s
combinations ¢ — 1 (full circle) when r— 0.0n both panels lines serve only as guides to the eye. For all data, iteration
number r was enlarged up to the value at which RG parameters leave the vicinity of the corresponding fixed point

5. DISCUSSION AND CONCLUSION

In this paper, we have studied the force-induced
desorption of a linear polymer in a good solvent in
non-homogeneous media, modeled by a semi-flexible
self-avoiding walk (SFSAW) on 3-simplex fractal
lattice. SFSAW interacts with the adsorbing wall,
represented by one of the lattice edges, and it is pulled
away from the wall by an external force f, perpendicu-
lar to the wall. By applying an exact real-space renor-
malization group approach, which can also be interpre-
ted as a grand canonical ensemble formalism, we have

first analyzed the pure adsorption of SFSAWs (/=0).
Comparing to the previously studied adsorption of
fully flexible SAWs [6], we have found that inclusion
of the rigidity alters the phase diagram (temperature at
which desorption occurs), but does not change the
value of the crossover exponent ¢p. Then, we have per-
formed detailed numerical analysis of the non-zero
force case, for various values of the interaction parame-
ters, and found that the external force changes the natu-
re of the desorption transition, which is continuous for
f =0, and first order for f > 0. Similar conclusion
was obtained in previous studies of directed walk
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models on homogeneous lattices [9,10].

The desorption transition from adsorbed to
desorbed phase occurs at some critical value of the force
fe(T), which is presented in Figures 8 and 9, for some
values of the rigidity factor s and the surface interaction
factor ¢, corresponding to the repulsive part of the inter-
action between the polymer and the adsorbing wall. In
general, f.(T) does not differ significantly from the
corresponding curves obtained for flexible SAWs, either
on 2d homogeneous lattices [11,12,13] or on fractal
lattices embedded in 2d spaces [14], i.e. the critical force
monotonically decreases with temperature, which is in

accord with the intuitively plausible expectation that
external force should lower the temperature at which
SAW unbinds from the adsorbing surface. To conclude,
we may say that approach we have applied here enabled
us, systematically numerically, but in an exact manner,
to investigate the influence of the rigidity on the phase
boundary f,(T), which, to the best of our knowledge,
has not been done previously for the SAW model on
any lattice. It would be interesting to extend this study to
the case of lattices embedded in three-dimensional spa-
ce, which corresponds to more realistic physical situati-
ons.

Figure 8. Critical force f, (measured in units of |€,,|) as a function of the temperature T (measured in units of |&,,|/kg),
for various values of t and s

Figure 9. Critical force f, (measured in units of |&,,|) as a function of the temperature T (measured in units of |&,,|/kg), for
rigidity factor s=0.5, and t=0.2, 0.5 and 0.8. In the inset graph it can be seen that difference between the values of f for vari-
ous t disappears at low temperatures
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JECOPIIIIA CEMU-®JIEKCUBUIIHUX [TOJIMMEPA
NHIYKOBAHA CHJIOM Y HEXOMOI'EHOJ CPEJIMHN

Caxerak: [IpoyuaBaHa je nmecoprimja ceMu-(hIEKCHOMWIHMX JIMHEAPHHUX MOJIMMEpa
HHIYKOBAaHA CHJIOM, Y JOOpHM pacTBapauylMa M HEXOMOIeHO] cpemuHH. [IpuMereH je Moaen
CIIyYajHHX Hemnpecelajyhux meTmH, Koje ce onmpy IMpoMeHH NpaBlia, Ha 3-CUMILUIEKC (paKTai-
HOj peEIIeTKH. JemHa TpaHWIa pelIeTKe MpeAcTaBba ancopOyjyhu 3ua, a crospalimba chiia
(opToroHanHa Ha 31A) By4e TOJMMEDP OJ 3UIa. XUjepapXHjcKa CTPyKTypa IIOCMaTpaHe PEIIeTKe
oMoryhaBa er3akTHO IpoydaBame (ha3HOT JHjarpamMa KPUTHYHOT TIOHAIIAka MOJNMepa MeTo-
JIOM PEHOpMAJIM3alMOHe TPyIe Y peaHoM mpocTtopy. JloOHjeHa je 1 IMCKyTOBaHA 3aBUCHOCT
KpPUTHYHE CHUJIe, TIPU KOjOj ZI0JIa3u JI0 JIECOpIIHje, O TeMIleparype, a 3a pa3He BPeIHOCTH
napaMeTpa KpyTocTU. YTHIIAj CHJIe ¥ KPyTOCTH IIOJMMEpa Ha IPUPOLY ASCOPILOHOT (a3HOT
npenasza je takohje anammsupan. CBu noOujenHu pesyaratd nopeheHu cy ca omrosapajyhum
pe3yArariMa paHHjuX POoyYaBarba OBOT IpodIieMa.

Kibyune peun: nonmepu, ¢ppakrany, agcopripja, GpazHu npeiasi.
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