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Abstract

Metamaterials have received extensive research interests since they can be artificially designed to achieve
unprecedent material properties beyond what we can obtain from the nature. As such, it is widely
acknowledged that metamaterials have great potential application perspectives in many areas, e.g., mechanical
engineering, civil engineering, aerospace, biomedical engineering, etc. Recently, mechanical metamaterials
that are designed based on multi-functional properties or behaviours have received much attention due to the
increasing demands of new materials with superior properties. Inspired by the grasshopper’s leg, this paper
proposes a novel unit cell where 3D ‘zig-zag’ rods are introduced to connect the circular planar elements. The
mechanical behaviours of this novel unit cell under axial compression are studied both experimentally and
numerically. In particular, the effect of different geometric parameters of the 3D ‘zig-zag’ rod on both
compression-torsion coupling (CTC) and negative Poisson’s ratio (NPR) are studied for this novel unit cell.
Compared with previous designs, the novel unit cell proposed in this work can improve the design flexibility,
achieve large NPR, strong CTC, and high load-carrying capacity, simultaneously. Finally, this work can
provide some references for designing novel metamaterials with multiple deformation mechanisms.
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1. Introduction

The artificially-designed mechanical metamaterials have attracted great research interests due to their
ability to achieve unusual properties, such as negative stiffness [1], tension-torsion coupling (i.e.,
compression-torsion coupling) [2], negative Poisson’s ratio (NPR) [3], negative compressibility [4], and
negative thermal expansion [5], etc. These metamaterials have been applied in many areas, for example auxetic
metamaterials with NPR have been widely applied for impact shields, energy absorbers, sensors,
cardiovascular stents [6—9], and aircraft morphing structures [10]. The negative compressibility metamaterial
has an application in extremely sensitive pressure detectors [11], the metamaterial with compression-torsion
coupling (CTC) provides a great opportunity for mechanical cloaking [12, 13], displacement-rotation
conversion [14—16], energy absorbers [17, 18], and vibration isolation [19], etc. With the development of
advanced 3D/4D-printing technologies, a large variety of metamaterials with distinct mechanical or physical
properties, e.g., programmable stiffness [20], controllable anisotropy [21], and intelligence [22, 23], have been
developed thrivingly, which will meet the increasing demands from various industrial sectors, e.g., mechanical
engineering, civil engineering, aerospace, and biomedical engineering [24-26].

Mechanical or deformation mechanisms, e.g., Poisson’s ratio effect, elastic instability, compression-
torsion coupling, etc., provide extensive means for designing metamaterials to achieve desired and
unprecedented properties. Yao et al. [27] demonstrated, both theoretically and experimentally, a transition
between anticlastic and synclastic bending curvatures for 2D lattices with star-shaped unit cells when bent in
one direction, which breaks away from the usual understanding. Nevertheless, this deformation mechanism
enables an independent design of in-plane and bending Poisson’s ratios for lattice structures, which may
benefit many engineering applications, e.g., shape shifting. Guo et al. [28] studied the auxetic metamaterials
reinforced by origami graphene, which can effectively manipulate elastic waves. Bhullar et al. [29]
demonstrated that the metamaterial structure made of rotating squares with circular holes that possess
enhanced mechanical properties through tailored NPR can be well applied in the stents because of its unique
deformation mechanism and lightweight properties. In recent years, the metamaterials with coupling
deformation mechanism, such as compression-twisting, bending-twisting, and tension-twisting coupling, have
received much attention due to its applications in morphing blades [30].

Chiral structures, as a class of NPR metamaterials, usually are used to drive and design special deformation
mechanisms, e.g., the CTC effect. Fig. 1 illustrated some typical metamaterials that are driven by the CTC
effect. Frenzel et al. [2] first discovered the unique tension-twist coupling effect and applied it to design 3D
chiral metamaterials. Ebrahimi et al. [31] proposed a type of 3D anti-chiral metamaterials, in which oblique
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load-bearing ligaments are used to link the topology circular elements, resulting in the CTC effect and a large
range of NPRs. Duan et al. [32] introduced a new type of 3D chiral lattices with the CTC effect and developed
a homogenization method to study the relationship between the elastic constant and geometry parameters.
Zheng et al. [33] investigated the size effect of 3D anti-chiral structure metamaterials with tension-torsion
coupling, both experimentally and numerically. Farrell et al. [34] proposed an auxetic structure with the
extension-twisting coupling and developed an analytical model to characterize its non-linear twist-
deformation relationship. Lemkalli et al. [35] analyzed the twisting behavior of a new chiral metamaterial
theoretically and numerically and demonstrated its substantially superior twisting behavior. For the 3D unit
cell proposed by Ebrahimi et al. [31], Yang et al. [36] derived its stiffness matrix and studied its CTC effect.
The research works in [2], [33], [35], [37] demonstrated that the CTC effect will be gradually diminished with
the increase of the cell number, which means that the twisting effect is unscalable in such designs. To achieve
a scalable twisting effect, Xu et al. [38] developed a general design rule and analyzed the relationship between
microscale geometry and twisting effect using the screw theory. Chen et al. [39] proposed a 3D metamaterial
with compression-twist coupling effect and explored the relation between compression-twist coupling effect

and geometric parameters detailedly.

(b)

compression

unit cell

(CY)

Fig. 1. Different metamaterials with CTC effect: (a) 3D chiral mechanical metamaterials [2], (b) 3D anti-
chiral structure [31], (¢) 3D chiral lattice [32], (d) 3D anti-chiral structure with square loops [33], (e) a rolled
cylindrical shell [34], and (f) the structure consisted of cubic unit cell with perforated edges [35].

Up to now, many innovative design strategies of metamaterials have been proposed, including the unique
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node design [31], hierarchical design [40], re-entrant design [41], chiral design [42], programmable design
[43], bio-inspired design [44], origami design [45], and kirigami design [46], etc. Based on the principles of
differential stiffness and self-contacting hard stops, Farzaneh et al. [47] introduced a new concept to design
metamaterials with desired Poisson’s ratios. In most of previous works, only single deformation mechanism,
e.g., NPR [41, 47] or CTC [2, 35], was applied to design the metamaterials. However, applying multiple
deformation mechanisms to design metamaterials is also attractive, as it provides much more design options
to achieve unprecedented properties and behaviours [48]. 3D metamaterials with multiple deformation
mechanisms, such as CTC effect and NPR, have been designed [49, 50]. Tang et al. [51] developed a
theoretical model to guide the design of Young’s modulus and Poisson’s ratio of 2D chiral and anti-chiral
structures by tuning the tension-torsion coupling effect. Cui et al. [52] designed and fabricated a 3D unit cell
with multiple deformation mechanisms (CTC effect and NPR). Duan et al. [53] developed a new method to
design the desirable positive and negative Poisson's ratio material utilizing the tension-twist coupling effect.
In this paper, a novel unit cell with 3D ‘zig-zag’ rods inspired by the grasshopper’s leg is proposed and
designed. This novel unit cell presents both CTC effect and NPR due to the 3D ‘zig-zag’ rods. Firstly, the
novel unit cells with different geometric parameters are fabricated by 3D printing. Both experimental testing
and finite element analysis (FEA) are carried out to study the deformation mechanisms of those different unit
cells. Moreover, the effects of different geometric parameters on the deformation mechanism and load carrying
capacity are investigated systematically. The results show that the ability of tuning the NPR of this proposed
novel unit cell is improved obviously compared with the traditional unit cell with the CTC effect [31, 33]. In

addition, the load carrying capacity of this unit cell is also enhanced.

2. Methodologies
2.1 Proposed geometry of novel unit cell

Studies in the field of biomechanics have shown that the zig-zag shape of grasshopper's leg has distinct
advantages in movement, structure, and material. Following good mechanical properties of grasshopper's leg
have been reported: (1) The flexible hind leg of grasshopper is the key to control the elevation and speed of
jump due to its strong contraction and good jumping ability [54, 55]; (2) The grasshopper's leg acts as a natural
shock absorber, dissipating the impact force generated during jumping or landing [56]; (3) The grasshopper's
leg can reduce energy loss and convert the stored energy to kinetic energy when jumping [57]. Inspired by the
above advantages of the zig-zag shape of the grasshopper's leg, in particular the energy dissipation mechanism
and the strong contraction, the 3D unit cell with ‘zig-zag’ rods is proposed to obtain the compression-torsion
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coupling (CTC) and negative Poisson's ratio (NPR), simultaneously, for meta-structures. Fig. 2 describes the
FEA model of this 3D unit cell. As shown in Fig. 2(a), this FEA model is composed of top and bottom circular
loops and four evenly distributed rods around the loops. Inspired by the three joints of grasshopper’s leg, each
rod is designed in a 3D ‘zig-zag’ form which is determined by three non-colinear key nodes. Fig. 2(b) presents
the sketch of top view for this unit cell, it is seen that the top, middle, and bottom key nodes of the four 3D
‘zig-zag’ rods are concyclic, respectively. The parameter 4 is the radius angle between the bottom and middle
nodes for each 3D ‘zig-zag’ rod. 1 and R are the radii of the circle consisted of four middle nodes, and the

circular loops, respectively.

Fig. 2. The novel unit cell: (a) FEA model, and (b) sketch of top view.

The experimental models of this novel unit cell and the traditional unit cell without the ‘zig-zag’ rods
design are shown in Figs. 3(a) and 3(b), respectively. The red points located at the centre line of the solid rods
as shown in Fig. 3(a) are the corresponding nodes of the FEA structure in Fig. 2(b). The parameters H and d
are the thicknesses of the unit cell and circular loop, respectively. 7o is the radius of the rod. The width of
circular loop is #, ¢t = 2ro. With the same size, Fig. 3(b) presents the side and top views of traditional unit cell
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without the ‘zig-zag’ rods design. As it was studied in references [31] and [58], its CTC effect and NPR can
be tuned by the oblique angle ¢ of the inclined rod.

To obtain a better understanding of the coupling relation between CTC effect and NPR of the novel unit
cell with 3D ‘zig-zag’ rods, the twist deformation under uniaxial compression is derived. It is assumed that the
four 3D ‘zig-zag’ rods have the same deformation mechanism and rotation direction, and the two circular loops
are rigid. In fact, Fu et al. [58] had illustrated that the base material of loops had a negligible influence on the
results for the traditional unit cell.

Taking one ‘zig-zag’ rod as an example, the theoretical model of the unit cell is presented in Fig. 4. In Fig.
4(a), the broken lines EBA and EB A denote the 3D ‘zig-zag’ rods before compression and after compression,
respectively. The reference lines EA and EA; denote the corresponding straight rods before compression and
after compression, respectively. /i, >, and / are the lengths of the ‘zig-zag’ rods and straight rods. v is the angle

between the two parts of the ‘zig-zag’ rod, and « is rotation angle of the node A. Under a small compression

displacement /4, the motion track AA, of the top node A is expressed as

AA, =(Ra) +h?. (1

(b)

Fig. 3. Experimental models of unit cells under side and top views: (a) novel unit cell, and (b) traditional
unit cell.
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From the geometry of the unit cell as illustrated in Fig. 4(a), the formula for AA

, can be further
simplified and expressed as [59],

AA =la.

2
In AAEB, the cosine law is applied between the angle y and three edges AB, AE, and BE

AE=1=\[I7 +1,2 =2, cos(y) . 3)

From Egs. (1) - (3), the relationship between the rotation angle o and the compression displacement # is
expressed as

a=h/\\ +1,2~2L1,cos(y)~R? . )

(7[—0!1)/2 M -
()

Fig. 4. Deformation sketches of the 3D zig-zag rod: (a) side view for global rod, (b) side view for the bottom
part of the rod, and (c) top view for the middle key node B

Fig. 4(b) shows the deformation of bottom part for the 3D ‘zig-zag’ rod. a; represents the rotation angle
of middle node B of the ‘zig-zag’ rod, which is proportional to the rotation angle o of the node A. 4, means
the vertical displacement of middle node B, which is proportional to the vertical displacement / of the node
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A. p is the angle between the lines BE and B|E. r; is the radius of the circle consisted by middle four nodes of

a deformed unit cell. Therefore, the shrinkage rate b for the unit cell is defined as
b=—(r,-1)/r. (5)

Moreover, I, <I; indicates that this is a NPR structure, and the Poisson’s ratio is defined as

b

VI,Z = m . (6)

Similarly, the motion track B_Bl can be written as
BB, —\n? + BF , %)

BB, =1,3. @®)

which also can be expressed as

From the geometry illustrated in Fig. 4(c), the length of BF is given by

ﬁzz\/(rlal)2+(rl—r2)2—2r1a1(r1—r2)cos(”_2alj. )

.« a
Using Egs. (5), (7) - (9) and applying the relation SIn (jj ~ ?1 , the following expression is derived as,

o, =\(#77 -h?) /(52 (1-b)) -b?/(1-b) . (10)

The rotation angle a of node A and the shrinkage rate b of node B denote the rotation angle and the
shrinkage rate of the unit cell, respectively. Egs. (4) and (10) reveal that the coupled relationships between the
rotation angle and compression displacement, rotation angle and shrinkage rate for the novel unit cell,
respectively. Compared with the traditional unit cell, this proposed unit cell can be designed flexibly due to

that the space angle y for the 3D ‘zig-zag’ rod can be tuned by changing relevant geometry parameters.

2.2 FEA

The FEA is carried out in ABAQUS to analyze the deformation of this proposed novel unit cell under a
given compression. The ‘B31’° elements are used to mesh the FEA model for all the circular loops and rods in
this unit cell, and the mesh sizes are set to be small enough to achieve the convergence. The profile of ‘zig-
zag’ rods is circular, whereas the cross-section of the top and bottom circular loops is rectangular. The bottom
circular loop is fixed, while the top is being applied a given displacement / along z direction at its centre point.
The material parameters are £ = 663 MPa and v = 0.3. Finally, the displacements and distances of the key
nodes can be obtained by the static analysis step with a consideration of geometric nonlinearity.
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Fig. 5 shows the deformation of node A for this novel 3D unit cell through top view. The lines AG and

GA, are the displacements Ua and Va of node A along x direction and y direction, respectively. Applying the

law of cosines in AAOA, the rotation angle of the unit cell a is expressed as

The shrinkage rate and Poisson’s ratio are obtained using Egs. (5) and (6).

2.3 Experiment

Table 1 Geometry parameters of the novel unit cells under different cases.

Fig. 5. Deformation of key node A for top view.

a :arccos[l—(UA2 +V,2 )/ZRZ] :

y

(11)

Parameters Case [ Case II Cases III Case IV Case V Case VI
r1 (mm) variable 6 6 6 6 6

n 4 variable 4 4 4 4

ro (mm) 2 2 variable 2 2 2

R (mm) 14 14 14 variable 14 14

H (mm) 21.5 21.5 21.5 21.5 variable  21.5

A n/4 n/4 /4 n/4 /4 variable
d (mm) 1.5 1.5 1.5 1.5 1.5 1.5

Firstly, the proposed novel 3D unit cells are fabricated by the AUTOCERA-R ceramic 3D printer machine

(Beijing Ten Dimensions Technology Co., Ltd.) with the materials of polylactic acid (PLA) water washable

resin. Subsequently, the deformation and load carrying capacity of different unit cells are measured by the

quasi-static compression test method with the electronic universal testing machine (Shimadzu AGS-X). Finally,



the experimental results validated the Poisson’s ratio v, and CTC effect represented by the rotation angle a.
Note, the experimental results for the traditional unit cell are obtained with the electronic universal testing
machine and Digital Image Correlation (DIC, VIC-3D). However, the manual measurement is added for the
novel unit cell with the ruler and rigid thread due to that the displacements of 3D ‘zig-zag’ rod can’t be
measured by DIC accurately.

In this work, six different geometry parameters are considered to explore the influence factors of the
deformation for the novel unit cell. All the geometric parameters of the six cases are presented in Table 1. Fig.
6 displays different types of 3D printed unit cells for these six cases. Fig. 6(a) presents the traditional unit cell
and novel unit cells with different values of 7, (case 1), and Figs. 6(b) ~ 6(f) show the novel unit cells with
different geometry parameters for cases II — VI, respectively. Specifically, Figs. 6(b) ~ 6(f) are the novel unit
cells with different rod numbers (case II), different rod radii ro (case III), different radii R of centre circle for
two circular loops (case IV), different thicknesses H (case V), and different radius angle 1 between the bottom
and middle nodes (case VI), respectively. To eliminate the effect of torque on the boundary during the

compression process, a top face is added in the experimental model of unit cell.

Novel unit cell Traditional unit cell
1= 6 mm = 8 mm

‘\ . ‘ A’ \‘

(a)

n=2 n=3 n=4
'_-'—‘-—-"-.’— T N A e =
@ . i N /] N

V. ] iRy . \!“‘

ﬁ VI

n

(b)
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R =12 mm R =14 mm R =16 mm
e | W TN
V‘_;!! wiy 4o AR 5“
! L Y B -

b Y i . ' Al‘

-~ ",‘/‘

”~
P

______

(d)
H =11.5 mm H =16.5 mm

Fig. 6. 3D printed unit cells: (a) traditional and novel unit cells (case 1), (b) case II, (c) case 111, (d) case 1V,
(e) case V, and (f) case VI.

Fig. 7 demonstrates the experimental procedures. Fig. 7(a) shows the experimental process for the
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uniaxial compression testing of a 3D unit cell, from which the deformation mechanism is observed and the
load-displacement curve of the unit cell during the compression process is determined. The flat punch is coated
with lubricants to reduce the effect from friction. The flat punch is loaded at a constant rate of 1 mm/min under
the control of the displacement sensor until the unit cell fails. Fig. 7(b) presents the experiment layout for DIC
test. The spherical indenter coated with lubricants is selected and then is loaded at a constant rate of 1 mm/min
under the control of the displacement sensor until the unit cell descends by Smm. The force sensor with a
range of 500 N is selected in both compression test and DIC test. After obtaining the displacements data from
experiments, the shrinkage rate, Poisson’s ratio, and rotation angle are computed from Egs. (5), (6), and (11).
It is noted that the rotation angle of the specimen is influenced greatly by the torque from the contact area
between the indenter and specimen. To diminish the effect of torque, spherical indenter is applied when
measuring the rotation angle. However, to prevent the specimen from being penetrated by the spherical

indenter, the flat punch is used for obtaining the load-displacement curve.

cameras

(b)

Fig. 7. Procedures of experiment: (a) experiment process for uniaxial compression test, and (b) experiment
layout for DIC test.

3. Results and discussion

In this paper, a novel 3D unit cell with both CTC and NPR is designed and fabricated. The effects of
geometric parameters on the deformation for the unit cell are investigated through FEA and experimental test.
It is found that the design parameters determining the space angle of ‘zig-zag’ rods play a crucial role to the

deformation and load carrying capacity of this proposed novel 3D unit cell.

3.1 Deformation mechanism
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In this section, a quasi-static uniaxial compression test is carried out to reveal the deformation mechanism
of the novel unit cell. Fig. 8 illustrates the load-displacement curves of different unit cells presented in Fig. 6.

Fig. 8(a) compares the load carrying capacity between the novel and traditional unit cells. During the
compression process, these two types of the unit cells exhibit similar deformation mechanism, which can be
divided into two stages i and ii, respectively. The unit cell first experiences rotating and shrinking under the
axial displacement load in stage i (i.e., shows CTC effect and NPR), then, stops rotating, shrinking, and only
descends in stage ii due to rods contact. Finally, two types of unit cells fail due to the rod fracture. Both the
unit cells undergo the similar elastic and buckling in stage i. In stage ii, significant increase of the load is due
to that the rods contact can provide additional load carrying capacity for the unit cells. The load carrying
capacity of the novel unit cell is larger than that of the traditional unit cell in stage i due to the increased
buckling resistance of ‘zig-zag’ rods. The transition point between these two deformation stages emerges at w

= 10 mm for the traditional unit cell, at w =9 mm for the novel unit cell with »; =8 mm, at w= 7 mm for novel

400 400
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Fig. 8. Load-displacement curves of the unit cells presented in Fig. 6: (a) case I, (b) case I, (c) case III, (d)
case IV, (e) case V, and (f) case VI.

unit cell with 71 = 6 mm. The reason for the earlier emergence of the transition point for the novel unit cell
with smaller 7 is because that the space between its rods is decreased, and its shrinking ability is improved.
These results also illustrated that the shrinkage rate and load carrying capacity increased with the decrease of
r1 for the novel unit cell.

Fig. 8(b) presents the load-displacement curves of novel unit cells with different numbers of rods » (case
II). Similarly, the deformations of these unit cells with n =2, n =3, and n = 4 are divided into two stages. All
unit cells rotate and shrink in stage i, and then only descend in stage ii. In stage ii, the unit cell with n =2
shows the contact between rods and top face while the unit cells with » = 3 and n = 4 exhibit the rods contact.
The load carrying capacity of the unit cell increases with an increasing rod number since the rods serve as the
primary components for bearing forces. The reason for the earliest contact of rods occurring at n = 4 is that
the space between its rods is the smallest. The failure of all the unit cells is due to the rod fracture.

As shown in Fig. 8(c), the changes of rod radius ro (case I11) have a great effect on the load-displacement
curves of the unit cells. The load carrying capacity of the unit cell decreases with the decrease of rod radius ro.
The rods contact for the unit cell with larger 7y occurs earliest due to the small space between its rods. For the
ro =1 mm, the stage iii means that the contact between rods and top face occurs, and stage iv denotes that the
contact between rods and substrate occurs. In other words, there are three types of contacts for the unit cell
with 7o = 1 mm in stage iv.

Fig. 8(d) presents the load-displacement curves for novel unit cells with different centre radii R of the two

circular loops (case IV). It was observed that the load carrying capacity of the unit cell increases as the R value
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decreases. The rod fracture appears at w = Smm for the unit cell with R = 12 mm, because of it has a very
strong CTC effect. In other words, the rotation angle for R = 12 mm is largest under the same w, and its
strongest rod buckling leads to the rod fracture firstly.

Fig. 8(e) shows the load-displacement curves of novel unit cells with different thicknesses of unit cell H
(case V). The thickness is also a significant factor influencing the load carrying capacity, furthermore, its
impact is not monotonous. With the increase of the thickness, the load carrying capacity of the unit cell
increases and then decreases.

Fig. 8(f) presents the load-displacement curves of novel unit cells with different radius angles 4 (case VI).
It was found that the load carrying capacity of the unit cell is largest when 2 =mn /4. When 1 =m/ 4, it signifies
that the lengths and spatial configuration of the two segments in the 3D ‘zig-zag’ rod are same with each other,
resulting in the highest stability of 3D ‘zig-zag’ rod.

According to Fig. 8, all cases have obvious influences on the load-displacement curves of the unit cells
because all these geometric parameters can change the spatial configuration of 3D ‘zig-zag’ rods directly or

indirectly. Therefore, the 3D ‘zig-zag’ rods can be designed flexibly by tuning these related parameters.

3.2 Experimental validation

Fig. 9 shows the comparison of rotation angle, shrinkage rate, and Poisson’s ratio for the novel and
traditional unit cells by FEA and experiment. To ensure the same displacement along the z-direction that is
applied to top circular loop, the displacement-controlled loading is set as 4.6 mm in FEA, and that value is set
as 5 mm in experiment due to the added plate. The results obtained by FEA and experiment for the novel unit
cell are in good agreement. Compared with the traditional unit cell, the mechanical properties for novel unit
cell are well improved. Specifically, the range of Poisson’s ratio broadens while maintaining an increasing

rotation angle.

3.3 Influence factors for deformation

To explore the deformation mechanism of the unit cell, six influence factors are considered. The FEA
results have been validated by experimental results, as presented in Section 3.2. This section only presents
FEA results. Since the CTC effect and shrinking of the novel unit cell mainly occurs in stage i, the effects of
different factors on stage i are discussed as in the followings.

Fig. 10 illustrates the impact of case I on the deformation of the unit cell. With the decrease of 1, both
rotation angle and shrinkage rate exhibit an upward trend, and the NPR becomes remarkably pronounced,
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reaching a value as —4.2 . A higher shrinkage rate corresponds to a stronger NPR. Additionally, the influence
of r1 on the shrinkage rate and Poisson’s ratio is more significant than that on the rotation angle. This suggests

that 71 can substantially adjust the NPR while simultaneously increasing the rotation angle.
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Fig. 9. Comparison of the novel and traditional unit cells by FEA and experimental results: (a) rotation
angle, (b) shrinkage rate, and (c) Poisson’s ratio.

Fig. 11 depicts the influence of rod number (case II) on the rotation angle, shrinkage rate and Poisson’s
ratio of the unit cell. It was observed that the rotation angle, shrinkage rate, and Poisson’s ratio remain constant
with an increase in the number of rods for this proposed novel unit cell. This implies that the number of ‘zig-
zag’ rods has an insignificant effect on the deformation mechanism.

Fig. 12 illustrates the variations in deformation with the normal strain ¢, for the unit cell under case III.
The rod’s radius has a minor effect on the rotation angle and Poisson’s ratio. Consequently, the radius of rods
can only slightly tune the Poisson’s ratio and rotation deformation.
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The deformation curves of the unit cell for case IV are presented in Fig. 13. It is seen that the rotation
angle significantly increases with a decrease of R. Simultaneously, the NPR became strong as R decreases,
indicating that the shrinkage rate increases with the reduction of R. Fig. 13 demonstrates that the parameter R
can effectively tune the rotation angle over a wide range, while maintaining a consistent upward trend for the
NPR.

Fig. 14 illustrates the variation of the deformation with the normal strain under case V. It was observed
that the thickness of unit cell strongly influenced the rotation angle, shrinkage rate, and NPR. Under the same
strain, a large thickness leads to a large a, b, and NPR, indicating that the unit cell with a larger H may result
in a stronger CTC effect and greater shrinking ability. Therefore, it can be concluded that the parameter H can

effectively adjust the rotation angle and NPR over a wide range.
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Fig. 15 illustrates the influence of case VI on the deformation of the unit cell. The illustration clearly shows
that the CTC effect of the unit cell reaches its maximum strength when A =7/ 4 while the NPR is at its weakest
but exhibits the most stability. The NPR of the unit cell with A =t / 6 is strongest, but it fluctuates due to
structure instability. Among the six influence factors, 4 is the only factor that exhibits an opposite effect on the

CTC effect and NPR.

4. Conclusions
With a 3D ‘zig-zag’ rod design concept, we design, analyze, and fabricate a novel unit cell with CTC effect
and NPR in this work. Compared with traditional unit cells, this proposed novel 3D unit cell has an improved
design flexibility, load carrying capacity, CTC effect and shrinkage rate. Moreover, the range of NPR is much
larger than that of the traditional unit cell. The deformation mechanism and its influence factors for the novel
unit cell are thoroughly analyzed through FEA and experimental testing. Six cases with different geometry
parameters for the novel unit cell are fabricated for the investigations. While all six cases have noticeable
impacts on load carrying capacity, only cases I, and IV — VI significantly affect the deformation mechanism
of the novel unit cell. Following conclusions are arrived in this research:
(1) The primary load-carrying capacity of the unit cell is provided by the 3D ‘zig-zag’ rod. This load carrying
capacity can be improved by increasing the values of # and ro, or by decreasing the values of R and 7.
(2) The NPR of the unit cell is mainly influenced by the parameters 7, and A, while the CTC effect is determined

by the r1, H, and R.
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(3) The parameter R has the capacity to tune the rotation angle over a wide range and has a slight influence on
NPR.

(4) Adjusting parameter H allows for achieving a wide range of NPR and CTC effects simultaneously.

(5) The parameter A exhibits an opposite effect on the CTC effect and NPR, whereas other parameters have

similar influences to the CTC effect and NPR.
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