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1. Rayleigh-Ritz Method

To relate the principal curvatures to the temperature, we deploy
the theory based on the Rayleigh-Ritz method?*. The displacement
uy, Up and us of the neutral plane in x, y and z directions, respectively,
can be assumed as

u, = Ax+ 4,x° + Axy’
u, = By+B,y* + Byx* 51

u, =—Kxx2/2—lcyy2/2

where x, y and z are the coordinates in a Cartesian system. k, and ky
are the longitudinal and transversal principal curvatures. A;and B; are
the parameters determined by the minimum potential energy of the
deformation. The total strain €45 (o, 8 = 1 or 2) can be calculated by
the Von-Karman formulas

_1(ou, Ou; ou, ou,
o0 =3\ ox, Tox, Tow, x, )
s Ma O OX (52)

&, = A 34,5 + A, y° +xIx7 12+ zK,

=16, =B +3B,y’ + B.x’ + Ky’ 12+ 2K,

&, = (4, +B3)xy+rcx1ryxy/2
For an isotropic and homogeneous Kirchhoff plate??, the stress-

strain relation can be expressed as that the stress 013=0,3=033=0, and
the rest components are represented as
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The strain resulted from the mechanical loading (known as elastic
strain) are given as:

&/l _

L Y R A (s4)
&y |=—|—u 1 0 Oxn

220 L0 0 20+ p)| o,

The strain energy U and the bending energy U, density are obtained
as

1 m
U:ZEO'ij-glj (SS)

U, = 8(1Ei—}i12) Kicx +K, )—2(1 - /J)(xk'y:| (S6)

In this case, the total strain energy U; and the bending energy Uy
can be obtained by integrating across the thickness direction z (the
Young’s moduli and the humidity expansion coefficients for these
two layers are denoted as Ey, E;, a;, a,, respectively)

Wk WL L
U, =I I .[U“ E"al)ixdydz+.|‘ I J‘Usz(Evaz)jxdydz (57)
0-h =Lyl
Ly L hL L
Uy =I I J‘Ubl El,al)ixdydz+j J jsz(Ez,az)lxdydz
0-hh <L, =1,

As a consequence, the total stretching energy U is calculated from

v,=U,-U, (s8)
By solving the equations 0U/dA; = 0, 0U/dB; = 0, dU/0dk, = 0, 0U/dk, =
0, the same group of equations as Egs. (9-14) can be obtained. In this
case, substituting h = 1.1 mm, 2L; = 31.2 mm, « and «, (Egs. 13-14)
back into Egs. (57-S8), we obtain the bending and the stretching
energies map as Fig. S1.
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Fig. S1. The bending energy and the stretching energy versus the
relative humidity.

According to Fig. S1, the stretching energy increases nonlinearly at
stages 1 and 2, while the bending energy keeps rising almost linearly.
These two strain energy components both increase at a higher rate
after the critical humidity. Additionally, the stretching dominates the
deformation by occupying about 75% of the total strain energy.

2 Curvature Variation under Constant Humidity

To investigate the behavior of pine cones in some conditions like
heavy rainstorm or raindrops spatter on scales, a physical
experiment was designed. By exposed in the enclosed cabinetin 23°C
and 45% humidity for 5 hours, the same sample mentioned in the
discussion (h = 1.1 mm, 2L; = 31.2 mm) was pre-treated into a
flattened plate. The sample was taken out for 3D scanning and then
returned into the cabinet, where the humidity had been increase to
95% directly and the temperature kept constant. Afterwards, the
sample was drawn from cabinet to record the deformation per hour.
The test lasted 10 hours in total, and then the curvature variation
with respect to time (t) could be represented as Fig. S2.

To illustrate, the trend of curvature variation is quite similar to Fig.
4, where the humidity P is replaced by time t. To compare with the
theoretical results and explain this time-domain curvature variation,
we introduce the moisture content factor 8 = P/t = 0.06 h'1, which
converts the moisture content of the scale in 95% humidity into that
in the corresponding humidity 45%, 50%, 55%, etc. The test and
theoretical results obtained by substituting the relative humidity P
with 8t in Egs. (13-14) are plotted in Fig. S2, which shows they are
marginally equal.
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Fig. S2. The longitudinal and transversal principle curvatures
fluctuate versus the relative humidity. The theoretical result, the
experimental results of k, and k, are represented by blue line, empty
and solid dots, respectively.

Fig. S2 shows a quite similar trend to that of Fig. 4 in the main
context, which is in good agreement with the theoretical results.
However, the principal curvatures k, and k, measured in the test are
slightly greater than the theoretical values. The main reason could be
attributed to the length of physical sample is smaller than the
numerical model. As discussed in the main context, short scale
generally leads to large k, and k, in the bending progress. On the
other side, the critical time t* (corresponding to the critical humidity
P*) in the experiment is slightly smaller than the theoretical value,
which conflicts with t* ~ (h/L;)?. The reason could be that the water
content in the scales increases nonlinearly with respect to time. It
rises rapidly at the beginning of test and reaches the critical value
earlier than theoretical prediction. Once the moisture difference
between the scales and the environment is reduced, the water
absorbability would be weakened, which results in the final
appearance of the scale being similar to the one shown in Fig. 5h.
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