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ARTICLE INFO ABSTRACT

Recent advances in artificial metamaterials have allowed unique structures to deform in distinct modes not
previously found in traditional material form. Auxetic structures that induce twist through deformation have
been a focus of recent research. In this paper a cell-based tubular structure with pre-deformed ligaments is
proposed which exhibits efficient extension induced twist (EIT) without the limitations of buckling. An analytical
model of the structure is proposed using cell parameters to characterize the non-linear twist-deformation re-
lationship. Samples of the structure were fabricated using the Ultimaker 3 platform with elastomer based TPU
95a build material and PVA support material. The analytical model and FEM were validated by tensile ex-
periments, where fabricated samples reached 60 degrees of non-linear axial twist over 40 mm of deformation. In
order to further characterize the structure’s twist response, key design parameters of the lattice structure were
varied and modelled. Actuation through tensile elastic deformation has key advantages in reliability and reduced
complexity. Due to these advantages, this technology has potential applications in aerospace, biomedical and
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1. Introduction

Fuelled by rapid advances in additive manufacturing, mechanical
metamaterials have recently been exploited to generate unique modes
of deformation and motion [1,2]. Deriving their properties through
geometry, mechanical metamaterials have a unique level of application
specific customization through variation of design parameters [3,4].

Auxetic structures are a class of metamaterial that exhibit Negative
Poisson’s Ratio [5]. First described by Love in 1944 [6], auxetics ex-
pand in the lateral direction under uniaxial loading. Auxetics exhibit
unique mechanical properties such as energy dissipation [7,8] and
deformation conversion modes [9,10]. Research into auxetics have used
various types of artificial cells including: re-entrant, rotating-unit. and
chiral structures [11]. Chirality and chiral structures have played a big
role in creating micro- and macro-modes of deformation [12]. Chiral is
defined as a shape which cannot be mapped onto its own mirror image
by rotations or translations alone [13,14]. Due to their unique me-
chanical properties, chiral structures can be found throughout nature in
DNA, plant tendrils, and proteins [15-17]. Artificial chiral cells in re-
search have generally consisted of a central node surrounded by slender
ligaments. Cells are classified by tri-, tetra-, and hexa-chiral structures,
depending on the number of ligaments attached to a central node [11].
Chiral cell deformation can occur either through coupled response of
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node rotation and ligament deformation, or purely through ligament
deformation [18].

In late 2017, Frenzel et al. proposed a 3D chiral cubic structure that
exhibited induced twisted under compression [19]. The cube twisted
axially through chiral node rotation and ligament deformation. The
torsion generated in the proposed structure was dependent on the cell
configuration and parameters. Li et al. later proposed a series of shear-
compression coupling 3D metamaterials that exhibited the compres-
sion-induced-twisting effect (CIT) [20]. Topology optimization has also
been used to generate similar torsional twist in designed structures
[21]. Chen et al. [22] used topology optimization to generate bi-di-
rectional twist chirality in both tubes and beams. The tubular structure
generated by Chen’s optimization was quasi helical in nature. Wu et al.
[23] proposed a rolled tetrachiral tube that exhibited CIT in a similar
rotational response, inspired by the biomechanical process of a
climbing chiral plant tendril and twisting leaf growth [16]. The pro-
posed structure used pure sigmoidal ligament deformation to generate
the twist, with a near linear relationship between the twist and vertical
displacement. Ma et al. later expanded the theory behind rolled tetra-
chiral tube by proposing a theoretical model and verifying results
through experimentation and FEM analysis [24]. Through the model
proposed by Ma, the rotation generated by the structure was largely
independent of the parent material properties [25]. It was also found
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that localized buckling was the main mode of failure for the rolled
chiral structure at higher displacements [26]. An extension-induced-
twist (EIT) structure could avoid these buckling based limitations, al-
lowing for larger degrees of twist. Lipton et al. [27] developed handed
shearing auxetics (HSA’s) that exhibited an extension-induced-twisting
effect (EIT). These quasi helical structures were used by Chin et al. to
develop a compliant grabber tool for recycling separation [28,29]. The
gripper reversed the inputs of load induced twist, where axial dis-
placement was generated by generating twist with an electric motor.
Jopek et al. [30] investigated the torsion effects of a helical shaped
composite bar, relating increase and decrease in elastic strain energy to
helical pitch and material relationships.

This paper seeks to describe an investigation into auxetic cell
structures that exhibit an extension included twist response, with a
focus for future mechanical actuator development. By avoiding the
limitations of compressive buckling, the focus of this proposed structure
will be on achieving high angles of controlled induced twist using an
elastomer-based material. The twist will also be characterized using a
quasi-analytical model and FEM analysis, both of which could save time
during the development of these structures by avoiding the tedious task
of trial-and-error experimentation [10].

2. Auxetic deformation mechanisms
2.1. Initial supported buckling analysis

Before presentation of the proposed new structure, it is useful to
provide initial context to the cell development for better understanding.
The initial investigation was centered around chiral based twist-struc-
ture, first proposed by Wu et al. [23] and work by Ma et al. [25]. The
rolled chiral cylinder structure showed strong potential for develop-
ment as a mechanical actuator due to a hollow cylindrical shape and
near linear twist deformation relationships. However, the CIT structure
was restricted by a low threshold for buckling failure, limiting the
maximum twist that a rotational actuator could achieve. An analysis of
buckling was carried out using the finite element software ABAQUS.
Structures were constructed and simulated using a similar method to
Ma et al. [25]. As expected, the rolled chiral structure failed through
localized buckling as seen in Fig. 1(a). An idea was proposed, that if an
internal cylindrical support was placed inside the tube, the support
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Fig. 2. (a) Replication of collapsed structure, (b) Improved cell without central
node.

could help the structure to continue rotation after buckling. Initial in-
vestigations of a “supported” compression were simulated in ABAQUS
and shown in Fig. 1(b). The twist deformation response (w/S,) along-
side Fig. 1 for both structures. As the structure continued to deform past
the point of buckling, a stacked cell structure formed. During initial
deformation, all structure ligaments compressed in unison; however, as
the structure collapsed further individual ligaments collapse causing an
erratic twist-response, as highlighted in the graph of Fig. 1. An in-
vestigation was carried out into designing a pre-deformed chiral cell,
with collapsed ligaments, as seen in the FEM analysis. The theory sti-
pulates that this structure would exhibit an extension-twist response
(EIT) and avoid the limitations of compression-buckling.

An initial design of the collapsed structure was developed in
SolidWorks to replicate the structure seen in the FEA with a supported
internal cylinder. The design developed is shown in Fig. 2(a). Due to the
nature of pure bent ligament deformation, the circular node no longer
determines the initial ligament angle. An improved cell design was then
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Fig. 1. (a) Buckling chiral structure under compression, (b) Internally supported chiral structure resisting buckling, with graph of twist-displacement relationship for

both structures.
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Fig. 3. (a) Schematics and parameters for extension induced structure (EIT), (b) Proposed design of EIT structure.

developed is shown in Fig. 2(b) without the circular node. These im-
provements allow for longer effective ligament lengths.

2.2. Proposed extension induced twist structure

Using the proposed pre-deformed cell, a rolled cylindrical shell was
designed with the parameters shown in Fig. 3(a), where: M is the
number of longitudinal cells (both in line and offset); N is the number of
lateral cells around the shell; w is the angle of axial twist of the struc-
ture; R, is the cylinder radius; T is the thickness of the cylinder. In terms
of the cell design as described in Fig. 3, the basic cell outline can be
defined by an L,L, rectangle. The overlapping design calls for each
subsequent layer of longitudinal cells to be offset by L,/2 in the y-di-
rection, and L,/2 in the x-direction. The central node is a 2WW rec-
tangle, as seen in Fig. 3. The end of the ligament is placed at a height ‘b’
above the top of the node. The straight section at the end of the de-
formed ligament, is given at angle ¢. The curve of the ligament is
constructed as tangential to both the central node vertical sides and the
straight section of the ligament at angle ¢. L, is a length taken along the
whole deformed ligament including the length of the curve.

Fig. 3(b) shows a base design for an EIT structure designed in So-
lidWorks. The structure shown in Fig. 3(b) was designed with the
parameters shown in Table 1. First, a flat cell was drawn and then
patterned to create the lattice structure. A planar surface was then
created from this lattice and connected using the knit tool, this gener-
ated pre-partitioned cells for the FEM analysis. Finally, the flat planar
surface could be rolled into a tube using the flex feature.

Table 1
Structure parameters for extension induced twist design.
M N T Ly Ly w L, b
11 8 2 mm 12.5 20 2 mm 5.8 mm 1.13 mm

3. Method of twist characterization
3.1. Analytical model

The analytical model proposed is an approximate starting point to
categorize the twist-deformation relationship using cell parameters
(ligament length etc.). The design process would therefore consist of the
initial analytical calculations, CAD, FEA, fabrication, and then experi-
mentation. The model in this design process can be used to inform the
design of a lattice structure to suit the actuator requirements. Analytical
models for the twist-deformation analysis will use similar methods to
that found in literature [13,25] derived from Euler beam theory. The
ligament is modelled in reverse, under the assumption that at max ex-
tension (S, ) the beam is near straight and vertical. The model will
ignore the displacement effects due to strain to reduce complexity. The
twist derivative in the x- and y-directions is given by Egs. (2) and (1),
where ‘a’ is the local axis of the ligament along the length L,.

2 .
ds, _ 6L Fsin(6) c0s(6)
da E;zW?3 (1)

ds 2Fsi
as _ 6L; Fs1n3(6)sin ©
da EgzW @

where: L, is the characteristic length, F is the applied force, z is the
depth of the ligament, W is the thickness of the ligament, and Ej is the
Young’s Modulus of the parent material. In this analytical model is
varied as the theoretical angle of the overall ligament. However, when
deformed the ligament will include both straight and curved sections.
Therefore, the initial angle of 6 proved difficult to determine due to this
deformation of the ligament shape. The model used in this paper esti-
mated the initial overall 6 using geometric parameters. The solution
assumes that length ‘b’, the length between the tip of the ligament and
the top of the node (as shown in Fig. 3), was sufficiently small. If ‘b’ is
small, we know that in the model, if ‘b’ is equal to zero the angle 6 will
also equal zero. 0 is approximated in Eq. (3).
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6 ~ (b/L,)90° 3

As an approximation, the reasoning behind this model choice of 6
stems from the purpose of the analytical model. In the design process,
given structure requirements for a twist-deformation relationship, the
analytical model gives an easy approximation for this relationship be-
fore more lengthy analysis of FEM and experimentation.

Due to the large deformation, the equations will use a numerical
method to solve for the twist at a given displacement. Using MATLAB
and equations above the twist derivative will be calculated by iterating
over small perturbations (dS, = 0.01). The equation for the twist deri-
vative, derived from Egs. (1) and (2), is shown in Eq. (4).

do _ cos(0)
dS, ~ Rosin(6) )

The derivative is then used to calculate the change in twist-de-
formation relationship over a small displacement for the whole struc-
ture, as shown in Eq. (5).

w; = Wy + ZMdSyd—w

ds, )
where; 2M calculates the displacements over the number of full vertical
ligaments in the geometrical shape. Using the model in MATLAB, an
approximate relationship between twist and displacement can be es-
tablished for given cell parameters before the CAD process. The results
from analytical model will be compared to FEM analysis and experi-
mental results in the following sections.

3.2. Finite element modelling

The rotation response of the EIT structure was simulated based on a
method outlined by Ma et al. [24,25]. For the FEM analysis an aca-
demic version of ABAQUS FEA software was used. The model used a
dynamic explicit solver along with material properties for TPU 95a
obtained from Ultimaker Guidelines [31]. The 8-node linear brick with
reduced integration and hourglass control (C3D8R) element type was
used for increased accuracy and speed. The chiral structure was pre-
partitioned in SolidWorks and imported as a surface feature into
ABAQUS. The surface was then meshed, creating a uniform and high
quality mesh of hexahedral elements (as seen in Fig. 4). The mesh is
then extruded in ABAQUS to retain the uniformity of the mesh structure
across the thickness of the tube. The model placed the meshed chiral
structure between two shell plates, with a fixed bottom plate (ENCAS-
TRE) and a constrained top plate that could allow rotation and axial
movement (U, and UR)).

Fig. 4. Meshing of test sample for FEM.

Composite Structures 238 (2020) 111901

Fig. 5. Fabrication on Ultimaker 3 platform with TPU Material (black) and PVA
water soluble support (white).

3.3. Fabrication and experimentation

To validate both the theoretical and simulation results, samples of
the EIT structure were fabricated and testing using the following
methods.

The EIT structure was fabricated using TPU 95a on the Ultimaker 3
platform. The flexible and elastic properties of TPU 95a allowed the
structure to reach higher deformations of twist. The sample was fabri-
cated using PVA support material that allowed the printer to generate
the complex EIT structure, as seen in Fig. 5. The PVA material was
water-soluble and could be easily removed in post-processing.

Fabricated samples were then tested on an Instron 3366 universal
testing machine. The Instron recorded the force and linear displace-
ment, while the angle was measured using a needle attached to the
bottom of the EIT structure and a protractor (with an accuracy of
+ 0.5°). The angle was recorded by a camera placed above the needle,
as in the set-up shown in Fig. 6(a).

As the Instron machine applied tensile load, the structure deformed
causing the EIT structure to rotate axially, as shown in Fig. 6. To gen-
erate the required boundary conditions, a pinned clamp was attached to
the top of the structure. The bottom boundary conditions are con-
strained by the components shown in Fig. 6(c). The components con-
sisted of a thrust bearing inside a clamp that is attached to the inside of
the cylindrical structure. The attachment relied on friction and small
protruding notches to remain connected to the structure. A retaining
bolt restricted the linear deformation of the structure, while the thrust
bearing allowed for near frictionless axial rotation.

4. Results
4.1. Validations of characterization methods

The results between the analytical model, FEM analysis, and ex-
perimentation methods of characterization are shown in Fig. 7, con-
ducted on a sample with identical parameters from Table 1. The ex-
periment was conducted on the Instron 3366, with a protractor angle
accuracy of + 0.5°. As seen in Fig. 7, the experimental results validate
and agree with both the FEM analysis and analytical model. The ana-
lytical model proved to be a good approximation for the twist response
given the assumptions and approximations in ligament parameters. The
results for all methods show a non-linear relationship in the twist re-
sponse, with the twist derivative (deg/mm) gradually increasing at



D.T. Farrell, et al.

RETAINING

Composite Structures 238 (2020) 111901

SAMPLE
ATTACHMENT

SAMPLE

BOLT
D S ATTACHMENT THRUST
R’ @l BEARING
(’"a,s a8  pe
Il},,?m~

Fig. 6. (a) Experimental set-up for testing extension induced twist structures, (b) Close-up of sample attachment and needle-protractor set-up, (c) Attachment
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Fig. 8. Experimental results for force against displacement for EIT under ex-
tension loading.

larger displacements. The increase in the rate of twist comes from the
increase in the ligament angle (6), and the shorterning of the x-com-
ponent of the ligament, as seen in Eq. (4). The rate of twist increases
from initially 1 deg/mm to 5 deg/mm at 40 mm of displacement. By
generating the twist through extension, rather than compression, the
structure can surpass the limitations of buckling and achieve higher
angles of twist, up to 60° for 40 mm of displacement. The force response
of the structure is somewhat linear with tensile deformation, as shown
in Fig. 8.

The elastic TPU 95a material used in the fabrication of these
structures allowed for the high levels of elastic deformation in the cell
structure. Although not quantified in this work, the auxetic nature of
the structure can be seen in Fig. 9. As longitudinal ligaments deform,
generating twist, the lateral ligaments keep a near constant tube dia-
meter. As the ligaments layers began to delaminate at around 60° of
rotation and 9 Newtons of Force the twist became unpredictable. With

Fig. 9. Large deformation of ligaments under tensile load, at 42% strain.

Composite Structures 238 (2020) 111901

validation of the characterization methods, subsequent analysis of
structure parameters was conducted purely through FEM and analytical
models to reduce time of the lengthy process of fabrication and ex-
perimentation.

4.2. The impact of lateral nodes

The lateral dimensions of the cylinder (L,, Ry, and N) can all be
expressed using the following relation based on the circumference
length: L, = 27Ry/N. FEM and analytical analysis was conducted to
understand how the twist relationship of the proposed structure
changes depending on the number of lateral cells. Three different
models of EIT structure were developed with similar parameters for
ligament thickness, longitudinal node count, wall thickness, ligament
length, and ligament angle.

Each structure varied in the number of lateral nodes from 6 nodes to
4 nodes, with identical cell dimensions and a decreasing cylinder radius
for each node removed. The twist deformation response of the struc-
tures is shown in Fig. 10. With reduced lateral cells the rate of rotation
with respect to linear displacement (dw/dS,) increases. Results between
the analytical and FEM methods appear to match in a similar re-
lationship. There is a deviation of results with small lateral nodes
(N = 4), this could be due higher individual ligament strains, some-
thing the analytical model does not take into account.

4.3. Theoretical cell parameters

To further understand the effect of the two key ligaments para-
meters of length (L,) and angle (8), an investigation using the analytical
model to determine their effect on the twist response, and the rate of
change of twist against displacement (dw/dS,). Fig. 11 (a) shows the
twist relationship with the ligament effective length L,. As the ligament
length increases relative twist response remains near constant. How-
ever; the rate of twist changes as higher deformations, as shown in the
derivative graph Fig. 11(b). The derivative initially begins in the same
location (0.8 deg/mm) but begins to diverge as the ligament deforms.

The ligament angle 6 has more of an effect on the overall ligament
deformation as shown in Fig. 12(a). The deviation in the twist-de-
formation relationship can be seen at small deformations with large
differences in how the twist develops. The twist derivative relationship
(dw/dS,) shows the unique initial rate of twist for a given ligament
angles 6.

5. Discussion

The twist-deformation relationship of the new proposed cell-based
structure has been clearly defined in analytical, FEM, and experimental
methods. Being able to define the structure with these separate models
has key advantages in the actuator development process as it avoids the
tedious task of trail-and-error experimentation is avoided. With a
clearly defined twist-deformation mechanism, an actuator design using
this structure could exhibit a high level of reliability and control.

Axial twist in response to applied load is not a new concept, it is
observed in origami [32] and helical mechanical springs [33]. How-
ever, generating the twist using auxetic cells allows for the structures to
retain their shape during bi-directional twist with minimal lateral
contraction. Similar extension twist structures have been proposed in
literature from Lipton [27] in the form of Handed Shearing Auxetics. In
comparison to the proposed structure in this paper, the HSA’s have long
helical strands while this structure is comprised of much smaller liga-
ments. Both structures have application-specific advantages that could
be explored in future research. Further controlability of the structures
twist response could be explored using Composites and external factors
e.g. temperature, magnetic field, similar to Jopek et al. [34].

Using extension-twist instead of compression-twist avoids the
buckling failure seen in previous rolled chiral structures, allowing for
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Fig. 10. Investigation on lateral cell numbers to twist-deformation response with constant cell parameters (W = 2mm, T =2mm, M = 11).

higher degrees of twist and deformation. The new mode of failure oc-
curs with fracture in individual ligaments. The highest stress con-
centration in the structure is located in the connection between node
and ligaments. This is where the majority of bending action takes place,
as seen in Fig. 10. Future developments for a mechanical actuator could
attempt to reduce this stress and investigate the effect of fatigue on the
structure after repeated rotations.

6. Conclusions

Based on the deformed structure of a compressed tetra-chiral tube, a
cell-based extension induced twist auxetic structure was proposed.
Characterization of the structures twist was investigated using an
analytical model and FEM analysis, which were validated through ex-
perimental data using AM fabricated elastomer samples. The proposed
structure exhibited efficient extension induced twist up to 60° of axial
twist for 40 mm of displacement. Further analysis determined the effect
of lateral node count and tubular diameter on the twist deformation
relationship. The main conclusions from this research are as follows.

(1.) The extension induced twist of the proposed structure can be

15

10 |

Angle (Degree)

5 10
Displacement (mm)

(a)

characterized accurately through an analytical model, FEM, and
experimental methods.

(2.) The twisting response is non-linear but still highly controllable,
with a low rate of change over large displacements. This twist re-
sponse can be altered through variation of cell parameters, with a
smaller tube radius achieving a higher twist per unit displacement.
(3.) With recent advancements in additive manufacturing and the
use of elastomer based materials, this proposed structure shows
potential for future mechanical actuator scenarios that require a
reliable method of twist generation.

(4.) The proposed structure shows strong potential for a composite
configuration, with stiff lateral ligaments and highly deformed
longitudinal ligaments. Fabrication of composite samples could
allow for higher achievable angles of twist with elastic material or
increased lateral rigidity.
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Fig. 11. Variations in ligament length (L, in mm) and the effect on the rate of twist.
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