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1. Internal and external forces in discretization formulation

Combining Egs. (14) and (15), the variation of the strains can be expressed by the shape functions as
3
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where a, = — (1+4/,) siny, + w/cosy, and p, = — (1 +u,) cosy, — w'siny,. The virtual strain energy of the
element [T, and the virtual work of external loads acting on that element I1,; can be obtained as follows
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where q = {n,q,m} and q; = {n 1497 my } n, g and m are the axial and perpendicular external loads and moment per

unit length, respectively. ny, gy and m; stand for the point force and moment, respectively. Eq. (S2) is integrated along
the beam length in the current configuration Q. Substituting Eq. (S1) into Eq. (S2) gives
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Thus, the internal and external forces are obtained by
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2. Tangent stiffness matrix in discretization formulation

For non-follower loading, the element stiffness matrix K¢ in Eq. (18) can be obtained by calculating the increment
of the virtual strain energy based on linearization as
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The matrices G?’K and G?K are given by
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where

oy = NyNg(—=(1 +d,)cosy, —w', siny,), S7)
09 =N Ni((1+u)siny, —w',cosy,).

Thus, the K9 is given by

I, I,
K, = /O BTDB dx + /0 (NG + 062, ) dx. (S8)

The overall tangent stiffness matrix of the microstructure is calculated by

3
K¢ = Z K¢ . (S9)

3. Finite element analysis

The finite element analysis is conducted using the commercial software ABAQUS (SIMULIA, Providence, RI).
In the material module, the hyperelastic properties are defined. 3-node quadratic hybrid beam elements (B22H) are
used, and refined meshes are adopted to ensure computational accuracy. For the periodic boundary condition, the left
boundary nodes of the lattice metamaterial are fixed, and a vertical displacement is applied to the right boundary
nodes. For the non-periodic boundary condition, the left boundary nodes are pinned and allowed horizontal sliding,
while vertical forces are applied to the right boundary nodes. All simulations are carried out in quasi-static mode using
Abaqus/Standard.

4. Material selection

To achieve S-shaped stress-strain response in hyperelastic lattice metamaterials, the materials should have high
stretchability and 3D printable. 3D printable elastomer is chosen to replicate the hyperelastic properties of biological
tissues. Additionally, for sensing applications, electrical conductivity is necessary for resistive signal monitoring.
Consequently, commercial UV-curable elastomer (65A, QIEFENG) and conductive silicone (3872, SINWE) are used.

5. 3D printing parameters

The DLP 3D printing is performed using the DLi 3DLP9000 UV projector with a resolution of 2560 (E 1600 pixels,
where each pixel measures 42 tm (E 42 tm. The layer thickness is set to 50 tm. The light intensity is 1.86 mW/cm?
and the exposure time for each layer is 1.1 s. For the DIW process, a nozzle diameter of 0.3 mm is used, with a nozzle
height of 0.15 mm, a layer height of 0.3 mm, an extrusion pressure of 200 kPa, and a printing speed of 5 mm/s.

6. Mechanical test procedures

Mechanical properties of hyperelastic lattice metamaterials are tested using a uniaxial material testing system
(Instron 68SC2). The periodic boundary conditions are applied as follows. (1) Both the top and bottom nodes of the
lattice metamaterial are fixed to sliders. (2) The sliders are mounted on custom smooth rails, which are secured in
the universal testing machine (UTM) clamp, allowing horizontal movement. (3) The UTM is adjusted to restore the
vertical length of the lattice metamaterial to its original state after forces removal. (4) The testing is conducted at a
stretching speed of 10 mm/min. The resistance and displacement data are recorded during the tests. For non-periodic
boundary conditions, the top and bottom nodes of the lattice metamaterial are fixed to immovable sliders.
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7. Tailorable S-shaped stress-strain behaviors

The S-shaped stress-strain behavior of hyperelastic lattice metamaterials is characterized by a toe region (low
stiffness) and a nonlinear region (high stiffness). By adjusting design parameters, the mechanical response can be
controlled. Specifically, the curvature function R(e) = a” + 1/(a + B) was used to design the microstructures.
Decreasing A increases the degree of curvature in the microstructures, which expands the toe region while minimally
affecting the nonlinear region (Fig. 5a). Increasing D enhances the structural stiffness, increasing the stiffness of the
nonlinear region with only slight effects on the toe region (Fig. 5b). By tuning these parameters, the S-shaped stress-
strain behavior can be tailored to replicate the mechanical properties of biological tissues (Fig. Sc-d).

8. Rapid inverse design optimization

To enable rapid inverse design optimization within the proposed framework, optimization methods combining
machine learning and evolutionary algorithms can be applied. The process could be as follows: First, the proposed
framework is used to build a database that captures the relationship between geometry parameters and the correspond-
ing S-shaped stress-strain curves of hyperelastic lattice metamaterials. Next, machine learning models can be trained
on this dataset to serve as surrogate models, enabling fast forward predictions of mechanical performance. Finally, the
machine learning models are integrated into the fitness function evaluation within an evolutionary algorithm, which
can identify the optimal design parameters that yield the desired mechanical properties. This approach can facilitate
the rapid customization of lattice structures for sensor and robotic applications.
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Figure S1: Material characterization. (a) Nominal stress-strain behaviors of photosensitive resin used for fabrication. The
fitted material constant ¢, = 0.733 MPa with the neo-Hookean model. (b) Nominal stress-strain behaviors of conductive
silicone for stretchable lattice conductors. The fitted material constants ¢, = 0.188 MPa and ¢, = 0.203 MPa with the
Mooney-Rivlin model.
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Figure S2: Geometry design. (a) Slope angle « versus instantaneous radius of curvature R and curvature K for the function
(a) R(a) = a* + 1/(a+B) and (b) R(a) = a*. (c) and (d) Corresponding microstructure and lattice unit geometries.
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Figure S3: Mechanical behaviors under periodic boundary conditions. (a) Correlation between strain-force curves and
strain-node angle change curves. (b) Correlation between strain-force curves and strain-applied moment curves.
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Figure S4: Mechanical behaviors under non-periodic boundary conditions. (a) Schematic of a typical unit in hyperelastic
lattice metamaterials with non-periodic boundary conditions. (b) Relationship between applied moment on two ends of
each microstructure and strain.
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Figure S5: Databases of S-shaped stress-strain curves. Designs by modifying the parameters A and B in the curvature
function R(a) = a* + 1/(a+B) and the width D with (a) &, ~7 and (b) a4 ~3.
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Figure S6: Experimental platform for measuring the resistance of lattice conductors under varying temperature and

humidity conditions.
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Figure S7: Calculation of circuit resistance. Based on Y-A transformation, the R, is obtained by
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Table S1. Comparison of theoretical models with existing studies

Non-periodic boundary

Ref. Material hyperelasticity Curve microstructures JR——
This work A V 4

[1] v x x

[2] v % x

[3] q y J

[4] ~ x V

[5] x + x

[6] x v x

[7] x + x

[8] x v x

~/ The work considers this factor; x The work does not consider this factor.

Table $2. Comparison of sensor performance metrics with existing studies

- — High stretchability Predictable electrical
(over 300%) performance

This work + + \"

[9] N % x

[10] ~ x x

[11] ~ \"' x

[12] V x Y

[13] x N N

[14] x \ x

[15] x + x

[16] x + x

v The work considers this factor; x The work does not consider this factor.
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