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Overview
1

2,

Responsive gels

Modelling responsive gels quickly and macroscopically
The BZ oscillating reaction

Coupling oscillating reactions with responsive gels

Gels + oscillating reaction + imposed strain = profit?

1. Stoychev et al. Soft
Matter 7 (2011)

2. Maedaetal. Advanced
Materials 19 (2007)
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Responsive hydrogels
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Equilibrium swelling

The polymer volume
fraction where the osmotic
pressure is zero

¢ (polymer (volume) fraction)
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Responsive hydrogels: modelling

Osmotic components LENS modelling

$o(Y) = {jjggo § § gg o= —[p+ (PN + 2us(d)e

0 oo R |, O 4u(g) 6\
b~ 9o(Y) or TIVOTY { o |oas 5 (5 ]V¢}
Po(Y)

II(¢) =11,
Webber & Worster and Webber et al. (JFM 2023)

Any gel described by three material parameters: osmotic pressure
(responsivity), shear modulus (nature of response) and permeability
(speed of response).

Response occurs generally slowly by driving water in or out of the
polymer scaffold.
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Oscillating reactions and oscillating gels
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BZ reaction
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2X +Y — 3X

B+X—-Y+D
X — F

Fast dynamics

Very little time

assume A, B are in excess spent here

dX
o [A+ XY — (1+ B)X] Slow dynamics | °
dY On X nullcline 2
— =k [BX — X?Y]
dt o By | N\
One fixed pointat (X, Y) = (A, B/A), unstable 4kA? W, l |
providedB > 1 + A? 0 1 2 3 4 5X 6 7 8 9 10
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A Si m p I e SYStem Catalyst chemically bound to scaffold

T ¢ = 1 catalyst conc.

Applled strain £(t)

a2(t)
Gell Gel 2
¢ = d(x, 1) ¢ = ¢(z, t)
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Diffusion on poroelastic ~ 9¢ 8 [ (6, 7) 6q§]

oz, ) Mass conservation sets
. . — = x
timescale Ot Oz

Puoao = Gel v gel thickness

Applying a strain changes the interfacial boundary condition and so deswells gel 2

0= 0y = —P+ 2ps€0n = —P — 2156, = —I1 + 20, [1 —(¢)boo) Y — E(t)]
A A
No stress at gel-fluid boundary
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Reaction (only in gel)

Transport of chemical species

k[A+ XY — (1+ B)X| (c=X)

k [BX — X*Y] (c=Y)

Advection with flow
Assume no flow in water, Darcy flow

in gel L_ K@) op DY) 0¢
o w 0z ¢ Oz

Diffusion
Different coefficient
in water and gel

ot oxr © 02
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Reaction rate constant 5 times
higher than in left-hand gel
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Coupled oscillator models

Ca — C1

Al: Diffusion is fast in the water 0%c/0z" m 0= c=c1+ 7— OETRD) [ — ay(t)]

A2: Gel response is rapid (Da < 1) g(0c/0z)| < 1 and ¢(z, t) = (Y (t)) SO ai(t) = pooao/¢
A3: Diffusion is fast in the gel c = c1, ¢2 in each gel, respectively

A4: Reaction rates are proportional to polymer fraction « = K;/a;(t) (where K. dependson compression)

dX, K
dt  ai(t)

0X X 2
92 oL _ X2y — X dx K
o T Uzt = k(@ t) [A+ XY — (14 B)X] + D, 52 dtz — az(zt) [A+ X3Y, — (14 B)X;] +

[A+X]Yi — (1+B)X:1] + aQ
1

dY; K

oY > = [BX, — Xivi] +
9z 9 _ _ dt t
5 +W k(z,t) [BX — X°Y] + D, = ai(t)

= BX, — XY
At as(t) [BXz = XoYo] +
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Coupled oscillator models

dX;

K,

dt

d X,

T i)

K,

[A+ X7y, —

dt

dY;

~ as(?)

K,

dt

dYs

T al(t) [

dt

Q

a'(t): {a'O YSYC’
Z (600/¢osc)ao ¥ > Yo - add equations pairwise:
dX K+ K>
Dyater : dt ~ 2a(t)
— s the coupling strength

K,

a9 (t)

[A+ XY, —

BX,

— X1vi] +

[BX> — X3Ys] +
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(1+B)X:] +

(1+ B)X,] +

1(t)
Q

ag(t)

Full solution

Coupled oscillator model

(t) PO

()(Xl

— (Y2 — 1)

(Y1 —

Note strong coupling implies X;=X, Y,=Y,and a,=a,

[A+ X?Y — (1+ B)X]

dY
dt

_ K1t R gy x%y]
2a(t)
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Coupled oscillator models

dX K+ Ko 9

_ A+ XY — (1+B)X
i = 2a@) AT (1+B)X]
& _Eith [BX — X?Y]
dt 2a(t)

Compute period by integrating to find
residence time on slow region of limit cycle

Key result

Oscillation period of
gel 1 cantellus K,
and thus how hard

Assume gels are shrunken at all we are squeezing gel
times in the slow region 2!
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Gossip gels?

Take an input signal and convert it to an
applied strain on gel 2

EiF)ESijtj — 1 16 13 4 6 4

001 121 201 011 020 911

E = 0.1 4 0.250;

Take K,=1 and K, = (1+E)? (for a stiff
gel). Measure T for gel 1, then

B+ 1)?
B~ 14 $wao (B+1)*
quoo 2142Tl
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