Supplementary materials

1S. Solution of a Nonlinear Differential Equation for the Equivalent Circuit of a Membrane as a
Viscoelastic Dielectric

We write nonlinear equations for two half-cycles of a triangular voltage

du"”(1+ﬁU p)+Uup U::ax_*_%’ OStsg (51)
dUdown (1 + ﬂUdown) + —down UdOW" — @ — th, 0 < tl < ;; (52)

where T = (1 — »)rC,.

We will solve nonlinear equations (S1) and (S2) using the small parameter method.
Let us introduce p (0 < p <« 1) — a positive small parameter and considering the
coefficient of nonlinearity to be small and proportional to i, we will look for the solution

of equations (S1) and (S2) in the form of a series in powers of the small parameter:

ﬁup = ﬁupo + ”ﬁupl + - (S3)

ﬁdown = UdownO + ”ﬁdownl + (54)

Substituting (S3), (54) into equations (51) and (52) and equating terms with the same
u degree, we obtain two linear differential equations that determine the voltage U for

each half-cycle of the command voltage with accuracy up to the first order of smallness

Wupo | Vupo _ _ Umax | Kt (S5)
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— U2 S6
@ Tt ~BUupo de (56)
dvdowno Udowno — Umax _ E (57)
dtr T T T
dﬁdawnl ﬁdownl _ dﬁdawno
dtr + r ﬂUdownO dtr (88)

Solving equations (S5) and (57), we obtain zero approximations

Uvipo(t) = —Unax + k(t — 7) + Ayyexp () (89)

tr

ﬁdownO (t,) = Umax - k(t, - T) + Adownexp (_ ;)/ (510)



where Ay, = 2kt and A4,y = —2Kk7 are constants of integration, the values of which are

found from periodic initial conditions Uy,o(t = 0) = Ugowno (t’ = g) , Ugowno(t' =0) =
~ T
Uupo (t = 5).

Substituting (S9) and (S10) neglecting exponentials, into equations (56) and (S8), we

obtain two linear equations for the first approximation

—d?tm + % = —Bk[(Unmax + k1)? = 2kt (Upax + kT) + (kt)?] (S11)
St 4 S0t — Bl (Upngs + KT)? = 2k (Upnge + k7) + (k7] (512)

Substituting (S9), (S10) and particular solutions of linear equations (S11), (512) into
equations (S3) and (54), we obtain expressions for the voltage across the capacitance Ci
of the viscoelastic branch for the upward and downward half-cycles of the command

triangular voltage

Tup(£) = (~Unax — k + kt) + Aypexp (= 2) = BKT[Upax® + 4Upaxkt + 5(kr)?] +

2Bkt(Uppgy + 2kT)kt — BT (kt)?, (513)

Taown(t) = Unax + KT = kt') + Agounexp (=) + Bkt[Upnar® + 4Uaxkt + 5(kt)?] -
2Bkt (Upmax + 2kT)kt’ + Bkt (kt")?. (S14)

2S. Solution of the differential equation for a ferroelectric

Nonlinear charge-voltage characteristics for a membrane q = C,U +§C0U 3 and a

B

. 1 1 : . : :
ferroelectric U = cato3 q3 are inverse functions. Let us find the nonlinear current
0 0

response of the equivalent circuit with a ferroelectric to the upward half-cycle of the
triangular command voltage and compare it with the expression (13) without taking into
account the exponents. Differential equation for the charge in a non-linear circuit with

delayed polarization:

aq , 1 1B 3
rdt+C0q+C03q

—Un,+kt, 0<t<

NN

(S15)

we look for the solution of equation (515) in the form of a series in powers of the small

parameter:

qU) = qo +uq, + - (S16)



% = k;—g; U=-U,+kt; 1=1C, we obtain two linear

differential equations for describing processes in the nonlinear branch of the equivalent

Assuming in (S15)

circuit for a ferroelectric.

290 4 % _ UCo (S17)
au kT kT

4 a1 _ _ 18 3

du + ke ke3do (818)

Substituting partial solutions of equations (S17) and (518) into (516), we obtain an

expression for the charge
q = Co(U — k) = 5.C,°U3 + 2pC5U%kt — SPCUGD)? + TpC3(k)®  (S19)

The current response to the upward half-cycle of the triangular voltage without taking

into account transients:

loup = k52 + gU == kCy (1 = BexyC3(U? + 5(k1)?)) + (g + 4BexpkC3kr)U (S20)



