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A P P L I E D  P H Y S I C S

Programmable nonreciprocal Poynting effect enabled 
by lattice metamaterials
Le Dong1,2, Kun Zhou3, Dong Wang1,2*

Shear nonreciprocity, implying unequal shear forces in opposite shear directions, can be achieved by arranging 
structures asymmetrically. However, the nonreciprocal Poynting effect, i.e., unequal normal stresses induced by 
the same shear displacements to the left and right, has not been fully explored. We discover the nonreciprocal 
Poynting effect using a generalized directional truss model. Inspired by this discovery, the cylindrical lattice meta-
materials constructed from antisymmetric curled microstructures are used as a case study to generate the nonre-
ciprocal Poynting effect. We develop a design framework that integrates digital generation, finite deformation 
theory, finite element modeling, and three-dimensional printing to program the nonreciprocal Poynting effect. 
Applications such as bionic Poynting effect matching, wave energy converter, and unidirectional motion limita-
tion are demonstrated. This framework allows the one-to-one mapping between the torque and normal forces, 
paving the way for designing soft devices with precise force transmission capabilities.

INTRODUCTION
Reciprocity is a fundamental principle of transmission in numerous 
physical systems. It means that signal propagation through the system 
always occurs in a symmetric manner, thus ensuring that the system 
responds equally to inputs from opposite directions (1, 2). Recently, 
there has been a growing interest in breaking the symmetry of signal 
transmission in both temporal and spatial dimensions to induce 
nonreciprocal behaviors, mainly in dynamic systems involving elec-
tromagnetic (3–5), acoustic (6–8), and mechanical (9–13) wave 
propagation. Static nonreciprocity introduces a unique ability to 
manipulate mechanical signals and energy without requiring active 
time-modulated components (14–18). For example, Coulais et al. (14) 
broke the Maxwell-Betti reciprocity theorem with a fishbone meta-
material, revealing static shear nonreciprocity. Wang et  al. (16) 
proposed a composite hydrogel with intrinsic shear nonreciprocity 
achieved by incorporating directionally embedded nanofillers.

An important nonlinear phenomenon observed during simple 
shear is the Poynting effect (19), i.e., the shear-induced normal 
stress in the direction perpendicular to the shear plane. Note that 
the Poynting effect differs from the compression-twisting effect. Al-
though both phenomena involve longitudinal and transverse dis-
placements, the displacements are driven by the normal force in the 
compression-twisting effect (20, 21) and by the shear force in the 
Poynting effect (22, 23). Traditionally, the Poynting effect demon-
strates that the normal stress remains the same when shearing in 
both the left and right directions (24–27), which is reciprocal and 
adheres to the Maxwell-Betti reciprocity theorem (1) ( F⊥

R
U = F⊥

L
U 

in Fig. 1A). Similar to the formation of nonreciprocal shear, a non-
reciprocal Poynting effect arises when this theorem is violated, lead-
ing to unequal normal stresses for identical shear displacements to 
the left and right ( F⊥

R
U ≠ F⊥

L
U in Fig. 1B).

The nonreciprocal Poynting effect exists in both nature and engi-
neering. An example is the myocardium’s different normal stress 

responses when shearing to the left and right directions (28). This 
effect is also suggested by the directional microstructures in various 
biological tissues (29). In materials engineering, the asymmetric 
normal stresses induced from shearing fiber-aligned materials can 
cause different elastic instabilities, complicating the manufacturing 
process (30, 31). Thus, understanding this effect is crucial for accu-
rately simulating or compensating for the uneven normal forces for 
biological applications, such as developing high-fidelity surgical 
simulators (32), as well as for the efficient execution of manufactur-
ing processes. Furthermore, the nonreciprocal Poynting effect can 
be induced from torsion, which enables the design of cylindrical soft 
devices with both load-bearing and precise force transmission capa-
bilities (33, 34). However, systematic exploration of the nonrecipro-
cal Poynting effect remains limited. Preliminary theoretical research 
has identified the first-order term in the normal force for fiber-
reinforced materials under simple shear, confirming the effect’s exis-
tence (35, 36). By understanding its formation mechanism and 
developing theoretical models, we can gain quantitative insights and 
enhance its applications.

In this work, we have introduced a general truss model to illus-
trate the formation mechanism of the nonreciprocal Poynting effect. 
The truss model also reveals that the material nonlinearity can be 
used to tune the magnitudes of the nonreciprocal Poynting effect. 
Inspired by this discovery, cylindrical lattice metamaterials consist-
ing of curled microstructures are used as a case study to generate the 
nonreciprocal Poynting effect. Curled microstructures are used to 
tune the nonlinear stress-strain behaviors. A design framework for 
the cylindrical lattice metamaterials is developed to program the 
nonreciprocal Poynting effect, which integrates digital generation, 
finite deformation modeling, finite element (FE) simulations, and 
three-dimensional (3D) printing fabrication. The finite deformation 
model establishes the relationship between the Poynting effect and 
geometric and material parameters. On the basis of the design 
framework, various Poynting effects with programmable magni-
tudes are designed. The applications of the nonreciprocal Poynting 
effect such as bionic Poynting effect matching, wave energy converter, 
and unidirectional motion limiter are demonstrated. This work 
allows one-to-one mapping between the torque and normal forces, 
enabling the design of soft devices for direct force transmission.
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RESULTS
Nonreciprocal Poynting effect by the truss model
A directional truss system consisting of two inclined trusses con-
strained by two plates is used to illustrate the formation mechanism 
of the nonreciprocal Poynting effect (Fig. 1C). The incline angle is θ. 
The trusses can exhibit linear or nonlinear elastic behavior. When an 
identical shear deformation U is applied in the left or right direction 
(Fig. 1, D and E), the third-order Taylor expansions of the normal force 
F⊥

R
 (for right shearing) and F⊥

L
 (for left shearing) are calculated as

where KA and KB are parameters that characterize the material stiff-
ness of the two trusses. η⊥

i
 (i = 1 to 3) are coefficients to the ith order 

of U, which are dependent on θ. The detailed derivations and di-
mensionless setups can be found in sections S1 and S2. When the 
two trusses are identical (KA = KB), F⊥

R
= F⊥

L
 and the truss system 

exhibits a reciprocal Poynting effect.
When the two trusses are different ( KA ≠ KB ), F⊥

R
≠ F⊥

L
 and the 

normal force difference is

Thus, the nonreciprocal vertical phenomenon (ΔF⊥ ≠ 0) exists 
even for infinitesimal deformation when KA ≠ KB. The higher-order 
terms contribute to the magnitude of the resultant normal force dif-
ference.

The effects of material nonlinearity and geometric parameters on 
the Poynting effect are investigated. Figure  2A shows the linear, 
Γ-shaped, and J-shaped stress-strain curves for the elastic trusses. 
η⊥
i
 (i = 1 to 3) of the linear, Γ-shaped, and J-shaped truss systems are 

calculated and given by eqs. S14, S18, and S19, respectively. Figure 2B 
plots η⊥

1
 and η⊥

2
 against the incline angle θ. The η⊥

1
 are the same as the 

initial tangent moduli are set the same for all three types of trusses. It 
can be observed that 

>

η
⊥

2
> η⊥

2
>

<

η
⊥

2  , which can be attributed to the dif-
ferent nonlinear behaviors of the Γ-shaped and J-shaped curves. 
Here, the symbols (>

⋅) and (<
⋅) represent the corresponding parameters 

for the Γ-shaped and J-shaped truss systems, respectively.
Figure 2 (C to E) shows the normal force distributions for linear, 

Γ-shaped, and J-shaped nonlinear materials with varying θ and KA/KB 
under U = 0.5. The stress-strain curves of the trusses A and B have 
the same shape but with different magnitudes. Solid and dashed 
curves represent zero normal force contours when sheared to the 
right and left, respectively. These contours are determined by setting 
Eqs. 1 and 2 to zero. The resulting contours divide the normal forces 
into four regions: both left and right shear-induced normal forces 
are positive (++), both negative (−−), positive and negative (+−), 
and negative and positive (−+).

The intersection point of the two contours in the linear truss sys-
tem (Fig. 2C) occurs at KA/KB = 1 and θ = 54.74°, indicating zero 
Poynting effect. As KA/KB increases, a nonreciprocal Poynting effect 
emerges with F⊥

L
= −F⊥

R
< 0 . The nonreciprocal Poynting effect is 

observed with F⊥

L
= −F⊥

R
> 0 when KA/KB decreases. Figure 2F plots 

the change of the corresponding normal force with U for KA/KB = 2, 
1, and 1/2 at θ = 54.74°.

From Eqs.  1 and 2, the second-order term has the same form 
η⊥
2
(KA + KB)U

2 for both F⊥

L
 and F⊥

R
 . Thus, both F⊥

L
 and F⊥

R
 increase 

with η⊥
2
 . For the Γ-shaped truss system, the “++” region is larger 

because >η⊥
2
 is the largest (Fig. 2D). Poynting effects in the ++ region 
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Fig. 1. Nonreciprocal Poynting effect. (A) Reciprocal Poynting effect ( F⊥
R
U = F

⊥

L
U ). (B) Nonreciprocal Poynting effect ( F⊥

R
U ≠ F

⊥

L
U ). (C) A directional truss system consists 

of two inclined trusses constrained by two plates. (D) Schematic of the resultant shear and normal forces when a shear deformation U is applied in the left or right direc-
tion. (E) The shear-induced normal force and resultant normal force difference under KA = KB and KA ≠ KB.
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are all observed for 
>

KA ∕
>

KB = 2, 1, and 1/2 at θ = π/4. 
>

KA ∕
>

KB = 1 leads 
to a positive reciprocal Poynting effect (circles), while F⊥

R
> F⊥

L
> 0 at 

>

KA ∕
>

KB = 2 (triangles) and F⊥

L
> F⊥

R
> 0 at 

>

KA ∕
>

KB = 1∕2 (squares) 
(Fig.  2G). Conversely, the ++ region diminishes as 

<

η
⊥

2  is always 
negative for the J-shaped truss system (Fig. 2E). Negative Poynting 
effects are all observed with 

<

K
A
∕

<

K
B
= 2, 1, and 1/2 at θ = π/3. It can 

be observed that F⊥

L
< F⊥

R
< 0 for 

<

K
A
∕

<

K
B
= 2 , F⊥

L
= F⊥

R
< 0 for 

<

K
A
∕

<

K
B
= 1 , and F⊥

R
< F⊥

L
< 0 for 

<

K
A
∕

<

K
B
= 1∕2 (Fig. 2H). The 

truss model is further extended to multi-segment vertical arrays to facili-
tate the programming of the Poynting effect. Two- and three-segment 
vertical arrays are theoretically studied (section S3).

Modeling of cylindrical lattice metamaterials
Inspired by the directional truss system, cylindrical lattice meta-
materials are used as a case study to program the nonreciprocal 
Poynting effect. The cylindrical lattice metamaterial is formed by 

wrapping a periodic rectangular lattice into a cylindrical shape 
(Fig. 3A). The periodic unit comprises four antisymmetric curled 
microstructures indexed as I to IV. Instead of the straight trusses, 
curled microstructures are used to mimic the J-shaped stress-strain 
behaviors of the trusses due to the transition from bending-dominated 
to tension-dominated deformation (37, 38). Microstructures are 
constructed using the curvature function R(α) = αn (0 ≤ α ≤ αend) 
that defines the relationship between the instantaneous radius 
of curvature R and the slope angle α. The programmable J-shaped 
stress-strain curves can be obtained by tuning geometric param-
eters (fig. S7). Three different units are shown in Fig. 3B.

A theoretical model is developed to predict the Poynting effect 
of cylindrical lattice metamaterials. A torque T is applied on both 
ends. The resultant reaction force F needed to maintain the origi-
nal height between the two ends is investigated. The normal force 
F⊥ is equal to −F. A thin-walled cylindrical structure under tor-
sion can be simplified as the unfolded planar structure under simple 
shear with deformation compatibility requirements (39). Figure 3C 
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Fig. 2. Nonreciprocal Poynting effect tuned by KA/KB and θ. (A) Stress-strain curves for linear, Γ-shaped, and J-shaped elastic materials. (B) The dependences of η⊥
1

 and η⊥
2

 on θ. 
Normal force distributions for (C) linear, (D) Γ-shaped, and (E) J-shaped nonlinear materials with varying θ and KA/KB under U = 0.5. The solid and dashed curves represent zero 
normal force contours when sheared to the right and left, respectively. (F to H) The dependence of dimensionless normal force F⊥ on U for different KA/KB and θ [as represented by 
the triangles, circles, and squares that appear in (C) to (E)]. The markers denote results from the third-order Taylor expansion, while the curves represent the exact values.
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shows the cylindrical lattice metamaterial under T and F and the 
corresponding planar structure under shear stress σxz(σxz = σzx) 
and normal stress σzz. The relationships between T and σxz and 
between F and σzz are

where D is the diameter of the cylindrical lattice metamaterials, t is 
the radial thickness, and Φ and r represent the angle and radius in 
cylindrical coordinates, respectively.

Consider a periodic unit consisting of four microstructures I to 
IV. The static equilibrium gives the relations between the inner 
forces and the external loading (Fig. 3E), which requires

The moment equilibrium of the joint connected by the four 
microstructures I to IV gives the following relation

T =

D+t

2

∫
D−t

2

2π

∫
0

σxzr
2dΦdr =

(
D2t

2
+

t3

6

)
πσxz and F = πDtσzz (4)

(5)

4∑
i=1

Mi = −

4∑
i=1

(FyiLi)∕2 = 0 (6)
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Fig. 3. Cylindrical lattice metamaterials enabled the nonreciprocal Poynting effect. (A) A cylindrical lattice metamaterial constructed by 6 × 6 periodic units. Each periodic 
unit is formed by four microstructures. (B) Curled microstructures with J-shaped stress-strain curves are constructed from the curvature functions. Three different units are 
shown. (C) The cylindrical lattice metamaterial under torsion T and reaction force F is simplified to a 2D lattice under vertical stress σzz and shear stress σxz. (D) The deformation 
of the periodic unit shearing to the left or right direction. (E) Inner forces and moments on each microstructure. (F) The microstructure is modeled as simply supported with the 
horizontal force Fx, vertical force Fy, and moment M0 at both ends. (G) Inner forces and moments of an infinitesimal beam element before and after deformation.
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where L and Li are the undeformed and deformed lengths between 
two ends of the microstructures, and βi characterizes the rigid-body 
motion of each microstructure. The angle between the tangent di-
rections of two connected microstructures remains unchanged dur-
ing deformation. Thus, we have

where ψi (i = 1 to 4) is the tangent angle at the end of each micro-
structure. The deformation compatibility requires that the side 
lengths and interior angles of the deformed rectangle satisfy the 
following geometric relations

The last two sub-equations in Eq. 8 result from the circular re-
striction and fixed height.

The curled microstructures are simply supported as depicted in 
Fig. 3 (F and G). According to previous studies (40), the governing 
equation and boundary conditions of the microstructure under 
horizontal force Fx, vertical force Fy, and moment M0 at each end 
can be written as

where α and ψ are the undeformed and deformed slope angles, re-
spectively. E is the Young’s modulus. A is the cross-sectional area. I 
is the second area moment, and ε represents the engineering strain 
at the centroid axis of the infinitesimal curved segment.

The deformed configurations of the microstructures can be cal-
culated by numerical integration with respect to ψ. The deformed 
length Li between two ends of the microstructure is given by

The longitudinal vertical load σzz and the corresponding reaction 
force F are obtained by solving Eqs. 4 to 11. The torsional angle φ is 
calculated by

Thus, the relationship between T, F⊥, and φ can be obtained.
We further extend the theoretical model to the two-segment cy-

lindrical lattice metamaterials. σxz and σzz are continuous at the in-
terface of the cylindrical lattice metamaterials (fig.  S13). The two 
segments are individually modeled by Eqs. 4 to 8. The last deforma-
tion compatibility equation in Eq. 8 changes to

The relationship between σzz and σxz can be obtained by solving 
Eqs. 5 to 8, Eq. 13, and the governing equations of the microstruc-
tures. The torsional angle φ is expressed by

The applied torque T and the normal force F⊥ also satisfy Eq. 4. 
Thus, the relationship between torque, normal force, and torsional 
angle can be obtained. The theoretical model for three- or multi-
segment cylindrical lattice metamaterials can be derived similarly.

Validation of the theoretical model
Experiments and FE simulations are conducted to validate the theo-
retical model of cylindrical lattice metamaterials. Two designs are 
constructed for validation: (i) one segment with all microstructures 
generated using R(α) = α (0 ≤ α ≤ 4.5) (Fig. 4A); and (ii) two seg-
ments with the microstructures I and III designed by R(α)  =  α3 
(0  ≤  α  ≤  3.9), and microstructures II and IV generated using 
R(α) = α (0 ≤ α ≤ 4.5) (Fig. 4C). All the microstructures are scaled 
to L = 25

√
2∕2 mm with width w = 1 mm and thickness t = 2.5 mm. 

The diameter of the lattice metamaterial is 47.75 mm, and the height 
is 150 mm.

Figure  4 (A and C) shows that the experimental, FE-simulated, 
and theoretical normal force F⊥ and torque T agree well. The details of 
the characterization and measurements are given in Materials and 
Method. In Fig. 4A, the single-segment cylindrical lattice metamate-
rial exhibits a nonreciprocal Poynting effect. When twisted counter-
clockwise (positive φ), it generates a positive F⊥. In contrast, a negative 
F⊥ is formed when twisted clockwise (negative φ). The relationship 
between F⊥ and φ is nonlinear. For example, the cylindrical lattice 
metamaterial shows a positive F⊥

R
= 7 N at φ = π/2 and a larger nega-

tive F⊥

L
= −12 N at φ = −π/2. For the two-segment cylindrical lattice 

metamaterial in Fig. 4C, symmetric negative F⊥ manifest, resulting 
from the opposing arrangement of the two segments. The compari-
sons between the experimental, FE-simulated, and theoretical shapes 
of cylindrical lattice metamaterials agree well, as shown in Fig. 4 (B 
and D). The theoretical deformed shapes are built through a coordi-
nate transformation in three dimensions (fig. S10 and section S8).

The governing equation (Eq. 9) of the microstructure is derived 
based on the assumption that the material property of the micro-
structure is linear elastic. This assumption requires that the local 
strain of the microstructure remains small, even when the cylindri-
cal lattice structures undergo a finite deformation. The FE-simulated 
strain maps of the deformed cylindrical lattice with a torsional angle 
φ = ±π/2 are shown in fig. S12. The strain maps revealed that the 
local maximum principal strain remains below 4%, validating the 
assumption of a small local strain.
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∫
α0

(1 + ε)R(α)sin ψdα = 0 (10)

Li =

ψend

∫
ψ0

(1 + ε)R(ψ)cos ψdψ (11)

6(L1cos β2 − L2cos β1) = φD∕2 (12)

(L1sin β2+L2sin β1)upper+

(L1sin β2+L2sin β1)lower=2
√
2L

(13)

3(L1cos β2−L2cos β1)upper+

3(L1cos β2−L2cos β1)lower=φD∕2
(14)
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Programmable design of the Poynting effect
The validated theoretical model then enables the programmable de-
sign of the Poynting effect. By adjusting the lattice configuration and 
geometric parameters, the Poynting effects can be tuned in all four 
quadrants: first ( F⊥

L
> 0 and F⊥

R
> 0 ), second ( F⊥

L
< 0 < F⊥

R
 ), third 

( F⊥

L
< 0 and F⊥

R
< 0 ), and fourth ( F⊥

L
> 0 > F⊥

R
 ) (Fig. 5A). For in-

stance, the nonreciprocal Poynting effect in the second quadrant can 
be obtained (Fig. 5Ba) by using the single-segment cylindrical lat-
tice metamaterial in Fig. 4A. Nonreciprocal Poynting effect that oc-
curs within the fourth quadrant can be generated using the mirrored 
patterns (Fig. 5Bb). The design space is explored by varying the geo-
metric parameters in section S9.

Two-segment cylindrical lattice metamaterials with opposite seg-
ments are used to generate reciprocal Poynting effects. Positive, near-
ly zero, and negative reciprocal Poynting effects have been designed 
by adjusting the geometric parameters. For example, when the mi-
crostructures I and III are designed by R(α) = α (0 ≤ α ≤ 4.5) and 
microstructures II and IV adopt R(α) = α3 (0 ≤ α ≤ 3.9), a positive 
reciprocal Poynting effect is formed with normal force at around 4 N 
at φ = ±π/2 (Fig.  5Cc). Nearly zero reciprocal Poynting effect is 
formed when all the microstructures are generated by curvature 
function R(α) = α (0 ≤ α ≤ 4.5) (Fig. 5Cd). Using the patterns in 
Fig. 4C, a negative reciprocal Poynting effect is generated with the 
normal force at around −4 N when φ = ±π/2(Fig. 5Ce).

Three-segment cylindrical lattice metamaterials can be used to 
design the Poynting effect that falls within the first and third quad-
rants. By adding a segment [microstructures I and III generated by 
R(α) = α3 (0 ≤ α ≤ 3.9) and microstructures II and IV using R(α) = α2 
(0 ≤ α ≤ 4.1)] on the two-segment lattice in Fig. 4C, nonreciprocal 
Poynting effect in the third quadrant is achieved (Fig. 5Df). Various 

Poynting effect curves in the first and third quadrants can be realized 
by tuning the geometric parameters of the three-segment patterns 
(Fig. 5D, g to i).

As the relationship between the geometric parameters and the 
Poynting effect is nonlinear, obtaining the geometric parameters of 
a desired Poynting effect is difficult. The optimization method com-
bining machine learning (ML) and evolutionary algorithms (EAs) 
can be used for fast and efficient inverse design. The ML is used as a 
surrogated model, while the EA is adopted for fast inverse optimiza-
tion. Details of the ML-EA methods are shown in section S10.

Bionic Poynting effect matching is demonstrated using the 
ML-EA method. Bionic Poynting effect matching is essential in tis-
sue engineering and biomedical devices, which can minimize the 
biological injury caused by the mechanical behavior mismatch (41). 
Polyacrylamide hydrogels and salmon fibrinogen show positive and 
negative reciprocal Poynting effects, respectively [data from (24)]. 
Using the developed ML-EA method, the optimally designed lattice 
metamaterials can accurately mimic the Poynting effect of both bio-
logical materials. The corresponding periodic units are shown in the 
inset (Fig. 5D). Section S11 shows another example of designing the 
nonreciprocal Poynting effect F⊥

L
= −F⊥

R
 , i.e., the 135° diagonal line 

in the second and fourth quadrants.

Application prospects
The design framework allows the one-to-one mapping between the 
torque and normal forces, which can be used to design soft devices 
for force transmission. A wave energy converter and unidirectional 
motion limiter are demonstrated.

Wave energy is a renewable energy source that has attracted sub-
stantial interest recently. Current energy-harvesting devices use 
rigid transmission systems, such as hydraulic systems or gearboxes, 
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to convert the torque generated by the periodic waves to electricity 
(42, 43). Here, we demonstrate that using a lattice structure as a 
mechanism transducer can directly convert the torsion into axial 
force, and the electric waveform can be tuned. The energy-harvesting 
device comprises a cylindrical lattice metamaterial, a piezoelectric 
material, and a capacitor. A stepper motor generates periodic tor-
sion at one end of the cylindrical lattice to simulate the wave-
induced torque. An axial force is generated on the other end of the 
lattice structure due to the Poynting effect. The piezoelectric mate-
rial converted the axial force to electrical energy for capacitive en-
ergy storage (Fig. 6, A and B). Figure 6C demonstrates the generated 
electrical energy can power a light-emitting diode (movie S1). By 
tuning the Poynting effect of the metamaterials, diverse electrical 
signals can be generated to meet specific acquisition requirements. 
Figure 6D shows the output electric waveform using lattice struc-
tures with nonreciprocal or reciprocal Poynting effects.

Figure 6 (E and F) demonstrates the application of the nonrecip-
rocal cylindrical lattice as a unidirectional motion limiter, enabling 
rotation in one direction while limiting rotation in the opposite di-
rection (movie S2). A lattice metamaterial with F⊥

L
≈ 0 and F⊥

R
> 0 is 

designed. The bottom of the lattice metamaterial is initially immobi-
lized. When the lattice metamaterial undergoes clockwise rotation, 

no axial deformation occurs as F⊥

L
≈ 0 . The end remains immobi-

lized (Fig. 6E). Conversely, an axial elongation is generated during 
counterclockwise rotation as F⊥

R
> 0 , releasing the constraint on 

counterclockwise rotation (Fig. 6F). A real-time monitoring system 
(section S13 and movie S3) and kinematic controllers (section S13 
and movie S4) are also demonstrated using designed nonreciprocal 
cylindrical lattice. The developed design framework is further ex-
tended to metamaterials with 3D lattice units. The FE results show 
that both reciprocal and nonreciprocal Poynting effects can be real-
ized by designed multi-segment 3D lattice structures (section S12 
and fig. S20).

DISCUSSION
The compression-twisting effect is closely related to the Poynting 
effect. A notable study of the compression-twisting effect comes 
from Frenzel et al. (20), who introduced a 3D metamaterial capable 
of converting unidirectional mechanical input into global twist 
output, achieving up to 2° per percent of linear deformation. Al-
though the two effects are similar, they are intrinsically different. 
Both phenomena involve longitudinal and transverse displace-
ments, but the loading condition is different. The displacements 
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are driven by normal force in the compression-twisting effect and 
by shear force in the Poynting effect (fig. S4A). Detailed force anal-
ysis shows that the first-order terms in Poynting and compression-
twisting effects are the same, but the second-order terms are different 
(section S4).

In summary, using a generalized directional truss model, we 
discover the nonreciprocal Poynting effect, i.e., the normal stresses 
are unequal for identical shear displacements to the left and right. 
The truss model further reveals that the material nonlinearity can 
be used to tune the magnitudes of the nonreciprocal Poynting ef-
fect. Inspired by this discovery, we used cylindrical lattice metama-
terials constructed from antisymmetric curled microstructures as a 
case study to generate the nonreciprocal Poynting effect. A design 
framework that integrates the digital generation, finite deformation 
theory, FE modeling, and 3D printing fabrication of the cylindrical 
lattice metamaterial is developed. Reciprocal and nonreciprocal 
Poynting effects across four quadrants have been programmed using 
the design framework. The developed method allows the one-to-one 

mapping between the torque and normal forces, enabling the de-
sign of soft devices for force transmission. The practical applications 
of the Poynting effect were demonstrated with a wave energy con-
verter and unidirectional motion limiter. The developed structures 
not only can realize conversion between the torque and normal 
forces but also can provide load-bearing or architectural functions. 
The design philosophy of embodied energy transmission in structural 
design paves the way for the design of multifunctional soft devices.

MATERIALS AND METHODS
Automatic digital design workflow
An automatic digital design workflow was developed to obtain 
the manufacturing representations and program the Poynting 
effect behaviors of cylindrical lattice metamaterials. It contains the 
following four steps. First, the microstructures were generated using 
geometric parameters (n and αend) to form the 2D lattice structures 
in the algorithmic design environment Rhino Grasshopper. Second, 

Fig. 6. Application prospects. (A) Schematics of wave energy harvesting. (B) The energy-harvesting device comprises a cylindrical lattice metamaterial, a piezoelectric 
material, and a capacitor. (C) The generated electrical energy can power a light-emitting diode (LED). (D) Different Poynting effects can generate voltage in different forms. 
The torsion angle–normal force curves and the corresponding voltage waves are shown. (E and F) A unidirectional motion limiter is designed with F⊥

L
≈ 0 and F⊥

R
> 0 , 

which limits the clockwise rotation and allows counterclockwise rotation due to the difference in axial elongation.
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the cylindrical lattice metamaterials were constructed by wrap-
ping 2D lattice structures into a thin-walled cylinder shape us-
ing the 3D modeling software SolidWorks. The stereolithography 
files were outputted for 3D printing. Next, the theoretical, FE-
simulated, and experimental approaches were used to analyze 
the Poynting effect. Last, the numerical analysis software MAT-
LAB was used to process data and visualization. A homemade Py-
thon script was performed to automatically realize the whole 
workflow by calling the Python Application Programming Inter-
face of the adopted software. The developed workflow avoids 
complicated structural modeling processes and pre-settings of FE 
simulations and can be easily combined with the optimization al-
gorithm to obtain desired mechanical responses.

Fabrication
The lattice metamaterials with sophisticated 3D configurations were 
fabricated using a commercial 3D jetting printer (HP 4200, Hewlett-
Packard) based on the Multi Jet Fusion 3D printing technology. Ny-
lon (HP3DHR-PA12, Hewlett-Packard) was chosen as the matrix 
material with Young’s modulus E = 1.4 GPa and Poisson’s ratio ν = 0.4 
(fig. S8 and section S7). The manufactured metamaterials with lattice 
designs are lightweight (~10 g), enabling them to be supported by leaves, 
and have high toughness that allows for large deformations without 
damage (fig. S9).

FE analysis
The commercial FE software ABAQUS (3D Systems, Rock Hill, SC, 
USA) was used to numerically analyze the Poynting effect of cylin-
drical lattice metamaterials. The 10-node quadratic tetrahedron ele-
ment C3D10 was used. Refined meshes were adopted to ensure 
computational accuracy. The Abaqus/Standard solver was used for 
quasi-static simulations. The lower surface of the lattice metamate-
rial was fixed, and torsional boundary conditions were applied to 
the upper surface while maintaining a constant distance between 
the two ends. The numerical relationships between torque, torsional 
angle, and normal force were obtained.

Characterization and measurements
A homemade mechanical testing platform was built to experimen-
tally measure the Poynting effect of lattice metamaterials (fig. S11). 
An Arduino UNO was used to control a stepper motor (HS2257, 
Leadshine Co.), combined with a reducer drive module to achieve 
precise twisting of the metamaterials. A multidimensional force sen-
sor (DYDW-003, Dayang Crop.) was used to collect normal force 
and torque data simultaneously. All data were transmitted to a host 
computer and collected in real time using MATLAB (MathWorks).

Supplementary Materials
This PDF file includes:
Section S1 to S13
Figs. S1 to S21
Legends for movies S1 to S4

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S4
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