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Note I: Analytic solutions to the linear Poisson’s ratio

For a planar beam with an arbitrary curvy shape, as shown in Fig. S4a, a curvilinear
coordinate (S) can be adopted to describe the shape of its central axis in the Cartesian
coordinates (X, Y) with the origin at the left end of the microstructure, i.e.,

X =X(S), Y=Y(S). (S1)

Consider the simply supported conditions in which the microstructure is subject to a
horizontal force No at the right end and moments Ma and Mg at the left and right ends
respectively, as shown in Fig. S4a. The axial force N and bending moment M at a cross
section S are then related to the internal force No and Qo along X and Y directions as

N(S) = N, - X'(S)+Q,-Y'(S) ,

(S2)
M(S)=M,+N,-Y(S)-Q,- X(S),

where X'(S) :w , Y'(S) =¥ and Q, :M . For a microstructure with
uniform width, its strain energy is given by
R N V) (S3)
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where the membrane energy and bending energy are considered; So is the total arc length of
the microstructure curve; and EsA and Esl are the tensile and bending stiffnesses, respectively.
For a microstructure with a reduced width at various turning regions of the curved
microstructure, we number the beginning and ending sections of each segment from 1 to n, as

shown in Fig. S4b. Then the strain energy can be rewritten as

n-1 n-2
1 < Sk 1 2 Soken
U= N*dS + N 2dS
2ESA1 % J‘SZK 2 S % Lzm (84)
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where A; and E; are area and inertia moment of section 1 (with initial width) respectively,

while A2 and E; are used for section 2 with a reduced width. Substitution of Eq. (S2) into Eq.
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(S4) gives the strain energy as
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are dimensionless parameters depending only on the shape of microstructure; the superscript

number of £ indicates the corresponding section; Lo is span between the two ends of



microstructure. In the condition of infinitesimal deformations, the relationship between the

normalized displacements and loads can be then obtained from Eq. (S5) as
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where u is the displacement at the right end along the direction of No; wa and wg are the
rotational angles at the left and right ends, respectively; w, is the reduced width of
microstructure, and the width ratio is q = wa/wi.

For infinitesimal deformations, a triangular network material under horizontal stretching
is taken as an example to derive the Poisson’s ratio and elastic modulus. Two representative

unit cells with different configurations are analyzed, as shown in Fig. S4c. According to the
static equilibrium of the unit cell, the inner force N, (with i denoting the different
microstructures of a unit cell, and i = 1 for the horizontal microstructure), the bending

moments M and M, and the external loading satisfy the following relations:
\/§N3+\/§N2+(M3A_M35)_(M2A_Mzs)zov (S9)

2(My, —Myg) + (M, —M,5) —3N, =0, (S10)



— 4N1 + Ns + N2 _\/§(M3A — M3B)+\/§(M2A — Mzs)

o, > (S11)
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where oy is the effective stress of the triangular lattice along horizontal direction. According
to the deformation compatibility in the periodical lattices, the angle between the tangent lines
of different microstructures keeps unchanged during the deformation. Then the unit cells

should also satisfy the geometric relations given by

u, -, :ﬁ(a)s/x +@,5 — ) — W35) u, -, :ﬁ(wlB + Oy — 0, — )
1 and : (S13)

u, -G :ﬁ(a}SA + 0,5 — 0y, — W) u;, -0 :ﬁ(wzs + @y, — 0, — W)
O+ W)+ Oy + O + Oy + 035 =0 (S14)

The effective strain of the lattice material defined as the percentage of elongation is equal to
the unit cell, and can be expressed as

g =0. (S15)
The constitutive relation of the microstructure, Eq. (S7), can be re-written in the form of a

stiffness matrix [dij] for simplify, as given by

Nl N, N_s d, d, dg||l T T G
'\flA I\ﬂZA I\ﬂBA ={d, dy Ay, @) @ (S16)
My M,z Mg dy dy dy||@p @p @5

According to Egs. (S9) - (S16), an analytic solution of the Poisson’s ratio and elastic modulus

for triangular network materials with arbitrarily shaped microstructures can be obtained as

v = 2(d12 — d13)2 B (dn _dzz + 2d23 _dss)(dzz _2d23 + d33)

_ , (S17)
2(d12 - d13)2 - (dzz - 2d23 + d33)(3d11 + dzz - 2d23 + d33)

E = 2\/§(d11 + d22 — 2d23 + d33)[_(d12 — dls)z + dll(d22 _ 2d23 + d33)]Es W, _

(S18)
[_2(d12 - dl3)2 + (dzz - 2d23 + d33)(3d11 + dzz - 2d23 + d33)]A2L€

These solutions are useful for the deterministic design of network materials to achieve desired
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mechanical properties. Then we consider a specific zigzag microstructure whose shape can be

described as

_ x<lo
y = kx (0< 4)

ko L ,.3h
y = kx+k2 (4s 4), (S19)
y =kx—kL, (34 <x<Lly)
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Based on Eqgs. (S7), (S16) and (S17), the analytic solution of Poisson’s ratio for the triangular
network materials with a single zigzag microstructure can be obtained. When the weakened

segments are much narrower than the other segments, i.e., @ — 0, the strain energy of the

wider segments can be neglected, leading to a simplified solution of Poisson’s ratio:

18+ 2k (r2 —3r +3)2 —r(18+2r° —6r? +3r)
v : . (s20)
2k2(r2—3r+3) +3(2r4—6r3+9r2—6r+6)

Another limiting condition involves the network design with uniform width, i.e., g = 1. In

this case, the solution of Poisson’s ratio becomes

(L4 2K2) (k+K®) +8(4+ 2K —Kk* +K® )W +32(~1+K? ) W*
- (15+2|<2)(|<+|<3)2 +8(1+ |<2)(12+2k2 +3k4)v‘v2 +32(1+3k2)v‘v4

(S22)

where W=W,. For zigzag microstructures with multiple unit cells (i.e., periodicity nr), the
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shape of microstructure can be described as

y:kx—k(mh) (m5£x<i+m5)
N N, 4n, n
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where me[0, n, —1]. The solution of Poisson’s ratio is given by

~(k+K®) (9+2K? ~8n2) +8(L+K?)(~2K? +k* +4n2 )W +32(~1+ k* )"
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(S24)

Using a similar approach, the analytic solution of the Poisson’s ratio can be also obtained

for the honeycomb network material. For g — 0, it is given by

_ K*B+(8+n)r)-r*-3
©3K2B+(=3+0)r)+r2+3°

(S25)

For q = 1, the Poisson’s ratio is written as
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Figure S1. Comparison between experimental images and FEA predictions for the

deformation sequences of the entire samples in Fig. 2a, b, and c. Scale bars, 5 cm.
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Figure S2. FEA results on the distribution of maximum principal strain for the three examples

of triangular and honeycomb network materials in Fig. 2a, b, and c, under uniaxial stretching

(25% and 50%).
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Figure S3. Results of the Poisson’s ratio based on two different definitions (v' = — dey/dex and

v = — glex), for the three network materials in Fig. 2a, b, and c. The dashlines denote the

critical strain (ecr) of the zigzag microstructure of different lattice materials.
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Figure S4. Schematic illustrations of theoretical model for an arbitrarily shaped curvy beam
and triangular unit cells. (a) A simply supported beam microstructure subject to an axial force
at the right end, and moments Ma and Mg at the two ends. The shape of microstructure is
described by curvilinear coordinate (S). (b) An arbitrarily shaped curvy beam with or without
a width reduction. (c) A pair of representative unit cells of triangular network materials
subject to a uniform tensile stress along horizontal direction, with the free-body diagram of

the horizontally aligned microstructure.
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Figure S5. Geometric conditions of the normalized width (W) and slopes (tanéo) that should
be satisfied to form a triangular network material without any self-overlay. Here, the zigzag
microstructure has no width reduction. The region below the solid line denotes the regime

where the geometric conditions are met.
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Figure S6. Linear Poisson’s ratio (v) of triangular network materials versus the microstructure
slope (tanéh) for a range of unit number (nt) of the zigzag microstructure and the width-to-

length ratio (W), in the condition of wa/w; = 1.
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Figure S7. Theoretical and computational studies on the linear Poisson ratio of triangular
network materials under infinitesimal deformations. (a) Linear Poisson’s ratio (v) versus the
width ratio (w2/w1) for a wide range of microstructure slopes (tanép) and a fixed length ratio
(L2/(L1+L2) = 0.1). (b) Linear Poisson’s ratio (v) versus the length ratio (L2/(L1+L2)) for a

wide range of width ratio (w2/w1) and a fixed microstructure slopes (tanto = 1.0).
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Figure S8. Microstructure slopes (tanfp) and width ratios (wo/wi) that yield zero linear
Poisson’s ratio (v) for four different length ratio (L2/(L1+L2) = 0.1, 0.2, 0.3 and 0.4) of
triangular network materials (in Fig. 3a). The black solid line represents the curve fitted based

on all of the dashed curves.
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Figure S9. FEA results of triangular lattice materials under uniaxial stretching along
different loading angles. (a) Poisson’s ratio (v) versus the applied tensile strain (¢) along
different loading angles (0°, 10° 20° and 30°) for the triangular network materials with q =

wo/wy = 1.0. (b)-(e) Similar results for network materials with wo/w; = 0.6, 0.4, 0.2 and 0.1,

respectively.
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Figure S10. Critical strain (ecr) of the zigzag microstructure as a function of the

microstructure slope (tan6o).
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Figure S11. FEA images of the deformed configurations of triangular network materials
under uniaxial stretching along vertical directions, with microstructure parameters: (a) tanto =

1.2, wa/w1 = 0.1, Lo/(L1+L2) = 0.1, and (b) tanfo = 1.2, wa/w1 = 0.6, Lo/(L1+L2) = 0.1.
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Figure S12. Maximum variation of Poisson’s ratio Av for the applied strain ey increasing from
zero to the critical strain ecr for different length ratios (L2/(L1+L2) = 0.1, 0.2, 0.3 and 0.4). The

horizontal dashed line indicates Av = 0.05.
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Figure S13. Maximum variation of Poisson’s ratio Av for the applied strain &y increasing from

0 to 0.5¢cr. The horizontal dashed line indicates Av = 0.06.
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Figure S14. (a) Optical image for the as-fabricated artificial skin and schematic illustration of
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Figure S15. Theoretical and computational studies on the linear elastic modulus of triangular
network materials under infinitesimal deformations. (a) Normalized linear elastic modulus
(E/Es) versus the microstructure slopes (tanéo) for a wide range of width ratio (w2/w1) and a
fixed length ratio (L2/(L1+L2) = 0.1). (b) Normalized linear elastic modulus (E/Es) versus the
length ratio (L2/(L1+L2)) for a wide range of width ratio (w2/w1) and a fixed microstructure

slopes (tan6o = 1.0).
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Figure S16. FEA results of stress-strain curves and tangent modulus-strain curves for the
triangular network materials under horizontal stretching. (a) and (b) Stress-strain curves and
tangent modulus-strain curves for the triangular network materials in Fig. 5a. (c) and (d)
Similar results for the triangular network materials in Fig. 5b. The dashlines denote the

critical strain (ecr) of the zigzag microstructure.
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Movie Captions

Movie S1. This video illustrates synchronized experimental and computational results on the
deformation processes of three network materials (with negative, ‘zero’ and positive

Poisson’s ratios) under uniaxial stretching (50%).

Movie S2. This video illustrates an architected cylindrical shell under axial compression and

tension. It consists of three segments that possess negative, ‘zero’ and positive Poisson’s

ratios.
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