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EXCERFIEES 29 ik 2023 The present work investigates programmable auxetic surfaces and how they can

be enabled to achieve a general surface shape upon external control. To actively

© The Author(s) 2023 generate target geometries from an initial geometry, a process of non-uniform
expansion or contraction as well as an alteration of local curvatures are neces-
sary. This implies the alignment of a multiplicity of control factors. The present
work suggests that auxetic mechanisms hold a high potential to achieve and
simplify such alignments. As a key principle for achieving defined target forms
and the required shape transitions, the study identifies the modification of the
local scaling factor and the Gaussian curvature of plane surfaces. Within this
work, such active surfaces are created utilizing multi-layered auxetic tessella-
tions. To control the scaling factor and the curvature of the resulting structure,
we propose different multi-layered auxetic structures comprising rotational
actuators. These concepts are demonstrated for the example of kagome tessel-
lations but can easily be transferred to other auxetic tessellations.

Introduction the field of architectural design and building con-
struction. In the context of this paper, this control is
established by the activation of surface elements,

Programmable surfaces are flat structures which can  which means the introduction of possible movements

be actuated to actively change their shape. They offer to an otherwise static structure by, for example,

a wide range of novel applications in architecture,  incorporation of actuators. By this, a programming of
such as walls that can actively change their geomet-  the surface becomes possible, which means precisely
rical shape and size as well as their shading and controlling those movements and changes in geom-
ventilation capabilities. etry by actuating the correct actuators needed to

The control over the shape of planar structures is obtain a desired target geometry. This control of
predestined for a wide range of new applications in movement can be achieved by multlple Waysl for
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example by soft smart materials like hydrogels,
shape-memory polymers or actuator-controlled
mechanisms. For example, Klein et al. [1] created a
systematic study of curvature change in hydrogel
plates. They demonstrated, how a shape change of
flat hydrogel structures can be directed by a change
of humidity and plate thickness. Mao et al. [2]
demonstrated the usage of combined smart hydro-
gels and shape-memory polymers (SMPs) for 3D-
printed reversible shape changing components.
Mailen et al. [3] investigated the usage of localized
heating and shrinking of flat SMP surfaces into 3D
shapes. A review on the topic of smart soft materials
for shape changing surfaces that identified the two
main strategies of bending and buckling responsible
for shape shifting in flat structures and characterized
the underlying mechanisms of material program-
ming can be found in van Manen et al. [4]. Ehren-
hofer and Wallmersperger [5] investigated the
properties of actuated structures combining soft
smart materials and more rigid structural
components.

To obtain a programmable, active surface, we
investigate in this study (i) stacked auxetic tessella-
tion patterns, (i) their arrangement and (iii) the
interplay between or the number of stacked layers
and the resulting controllability of the structure.

Active responsiveness of spatial structures such as
walls, ceilings and partitioning enables the design of
entirely new working and living environments with
built-in intelligence that can lead to higher user
comfort as well as to resource and energy efficiency.
Interior components such as adaptive acoustic panels
or flexible partitioning walls, as well as elements
which control light, energy consumption or visibility
through the exterior building envelope could provide
a novel type of construction elements for architec-
tural and spatial designs. Their development, how-
ever, necessitates the integration of current
advancements in the fields of smart materials, smart
systems research, mechanical engineering, mathe-
matics and computer science. A review on smart
materials in adaptive architecture applications is
given by Sobczyk et al. [6].

Auxetic mechanisms are applied as metamaterials
in various fields such as medicine, robotics, archi-
tecture and product design, and are proven to be
useful for programmable surfaces. For example,
Naboni and Mirante [7] used synclastic shells to
develop bending-active architectural applications. A
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review which discusses the characterization, the
design, modelling and the application of auxetic
materials and structures is given by Saxena et al. [8].
The ability of auxetic mechanisms to expand and
contract with a negative Poisson’s ratio enables many
unusual properties compared to classical materials,
as discussed in Evans et al. [9]. For example, the
auxetic mechanisms exhibit variable permeabilities
and possess the ability to form synclastic or anti-
clastic curvatures. Also, they show large energy
absorption and dissipation abilities. Extensive inves-
tigations on auxetics foams and their Poisson’s ratio
and their dissipation properties were conducted by
Nazari et al. [10] and Jiang and Hu [11]. Similarly, the
dissipation properties of auxetic infill latices were
investigated by Simpson et al. [12]. Auxetic mecha-
nisms, especially the ones comprising scissor link-
ages, have been extensively used in deployable
structures, as they are able to expand or contract into
a desired final shape and are also reconfigurable.
However, the potential of auxetic mechanisms as an
economical (mass-manufactured) solution also in
architectural applications is not fully tapped yet.

Related work

Programmable surfaces using origami tessellations
have been extensively studied in the past by Ron-
Resch and others [13] due to their interesting
geometries and structural flexibility. Here, one driv-
ing concept was the idea to equip hitherto fixed
geometrical shapes with new dynamic capacities,
thus turning them into active “robotic” structures.

Previous research has explored the capacity of
programmable structures to form specific shapes by
programming their scale factor [14-17].

Studies on auxetic mechanisms with rotating ele-
ments have shown that their contraction depends on
the folding angles of the individual hinges, which can
be modified [18] in order to induce shearing, bend-
ing, twisting, etc.

However, these findings only applied to the so-
called “Diamond Plate” mechanism [19, 20], “Rotat-
ing Squares” [21] or “Rotating Rectangles” [22-25],
which do not allow for different scaling factors at
different points. It thus does not allow a higher
diversity of geometries with many variations in
scaling factor, and also disables re-programming
[26, 27]. This means, that these structures can only



attain one predetermined goal geometry based on
their permanent structural configuration [18, 28].
Other research achieved a non-uniform scaling factor
either by non-uniform shrinking [29, 30] or by non-
uniform expansion [14, 31, 32] across the surface. This
non-uniform in-plane shrinking or expansion led to
internal compression stresses upon which buckling
occurs after exceeding a critical threshold. This
buckling is used to attain the final geometry. In these
approaches, however, it is not discussed how the
direction in which the surface buckles is controlled.

The present paper focuses on using multi-layered
auxetic tessellations in such a way that a structure
with multiple degrees of freedom can be achieved.
Here, the goal is a manipulation of the local scaling
factor and of the local Gaussian curvature along both
the surface and its cross section. With this, a control
of the bending, the buckling, and the direction of
buckling of the entire structure is possible.

Auxetic surfaces

Auxetic materials are materials with a negative
Poisson’s ratio. This means, that a material would
show an increase in thickness upon longitudinal
elongation, compare Fig. 1 (top). Examples for
experimental and numerical investigations on dif-
ferent auxetic materials were conducted by [33, 34].
Analogously, we use the term auxetic surfaces for flat
structures which exhibit auxetic behaviour upon
mechanical deformation. This means, that the struc-
ture will respond to a deformation in longitudinal

Figure 1 Auxetic materials
and structures exhibit a
negative Poisson ratio, and
therefore show an expansion in
transverse direction upon
elongation in longitudinal
direction.

Auxetic material: [:|

Auxetic structure: % -
F
F

direction with an expansion in the transverse direc-
tions, compare Fig. 1 (bottom).

In the present paper, we focus on origami tessel-
lations to create auxetic surfaces. In the following
paragraphs, the structural descriptions and analyses
are given for the example of the kagome tessellation
as a prototype origami tessellation since it is already
well studied [35]. All the conducted steps and anal-
yses can be transferred to most of the common aux-
etic tessellations. In Fig. 2, the kagome tessellation is
shown in its transition from the closed to the open
configuration.

A key goal of this research is to control the shape of
a surface made of auxetic tessellations using actua-
tors. Therefore, some form of actuation device needs
to be implemented—in principle, this could be of
various designs. Here, we want to limit our investi-
gation to actuators controlling the angular displace-
ment between two coaxially connected elements. We
also do not limit the way how this control is accom-
plished, so it could be realized by implementing
electric motors, hydraulic actuators, smart materials,
or others. Here we suggest the application of actuator
structures like the one depicted in Fig. 3.

The proposed structure consists of two stacked
layers—a bottom and a top layer—each comprising
four elements for the investigated kagome tessella-
tion. Each element of one layer is connected to
another element of the other layer by mechanical
interlayer connections, still allowing the rotation of
the elements. Additionally, the tessellation in the top
layer needs to be a mirrored version of the bottom
layer. Only then, a change of the relative angle

deformed
A A A

initial
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fully closed

Figure 2 Kagome tessellation and its transition from the fully
closed (left) to its fully open configuration (right). The colour code
indicates that the blue elements will rotate in anticlockwise

p4 top layer
y ,
: ; interlayer
X | &= _ connections
bottom layer w

Figure 3 Example of an actuator structure. The configuration of
the structure can be completely controlled by a single actuator,
which changes the relative angle between a triangle element from
the top and the bottom layer. The colour code indicates that the
blue elements will rotate in anticlockwise direction and the red
elements will rotate in clockwise direction, when the structure
expands.

between an element from the top and from the bot-
tom layer would lead to an opening or closing of the
whole structure. As can be seen, the configuration of
the actuator structure is completely determined for
example by the angle between neighbouring triangles
(angle o in Fig. 3) or by the relative angle between an
element from the top and the bottom layer. This
means that if one controls this angle, one controls the
shape of the whole structure. Here, we denote this
property of a structure as a single degree of freedom
(DOF). It has to be noted, that purely translational or
rotational DOFs (e.g. rigid body movements) of the
whole structure are not considered by this descrip-
tion. Further it is noted that for the investigated
structures with a single degree of freedom, the Pois-
son’s ratiois v = —1.

One simple way to control the relative angle
between an element from the top and the bottom
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fully opened

direction and the red elements will rotate in clockwise direction,
when the structure expands.

layer would be by utilizing servo motors or other
rotational actuators.

In the following, we want to investigate how an
auxetic surface can be controlled by actuators to
change its global shape to a desired target shape. To
control the shape of a general surface, it is necessary
to control the scaling factor 4 and/or the Gaussian
curvature K of local points on the surface.

The scaling factor 4 is a quantity used to describe a
linear scaling transformation of an arbitrary object in
which only the size of the object is changed, but not
the local angles. Therefore, the scaling factor
describes an equal local expansion or contraction of
the structure in all directions within the plane. As an
example, the scaling factor between the fully closed
configuration and the fully opened configuration of
the kagome tessellation equals two, compare Fig. 2.

The Gaussian curvature K is another important local
quantity, which describes the shape of a curved plane
geometry [36, 37]. To define the Gaussian curvature,
we consider an arbitrary (curved) plane in R°. At
each point of the plane, two principal curvatures are
defined as the minimum and the maximum curva-
ture of the plane at the specific point, denoted as k;
and k. The Gaussian curvature (or total curvature) K
is then defined as the product of the two principal
curvatures [38]

K=k k. (1)

Using these two local quantities, it is possible to
describe or determine the overall shape of a surface.
Vice versa, K and A can be determined for any given



surface. Therefore, a shape change of an arbitrary
surface can be described by a change of K(x,y) and
Ax,y) at each local point. This is true for a continuum
surface but can also be approximated for a surface
which is approximated by finite surface elements, as
depicted in Fig. 4.

The necessary steps to create planar structures with
shape-change capabilities are:

1. Definition of the initial shape and the target
shape(s)

2. Discretization of the surface into finite surface
elements

3. Determination of K and 1 for each surface
element in the initial and target surface.

4. Creation of the physical surface consisting of a
planar structure, in which K and/or 4 can be
controlled locally by actuators

5. Mapping of the necessary inputs to the actuators
to achieve a desired local K and/or A.

The first two steps are problem specific and are not
part of this investigation. The third step, the deter-
mination of K and 4 for the initial and target surface
can be conducted by mathematical descriptions using
conformal mapping, see [36, 39, 40], and other com-
putational methods, see [41]. In the present contri-
bution, we focus on the creation of auxetic structures,
in which we are able to control the Gaussian curva-
ture and/or the scaling factor at local points using
one or more actuators. Step five—mapping the actu-
ator input to the desired local Gaussian curvature
and/or scaling factor—is only dependent on the
actuation device and the used tessellation.

In the following, we will discuss the possibilities of
creating controllable planar structures, comprising
auxetic tessellations. For this, we investigate two- and
three-layered structures. It has to be mentioned that
the structure must consist of at least two layers to
achieve the control mechanisms discussed in this
paper. It should be emphasized that auxetic

Figure 4 Shape change of an
initial (flat) surface to a target KOG Y )initr ACGY )init
geometry. For this, the
Gaussian curvature K and the
scaling factor 1 may change at
each local point or at each

discrete finite surface element.

initial surface

structures are particulary suitable for this purpose
because of their inherent negative Poisson’s ratio.

Two-layered structures

As previously mentioned, we investigate the beha-
viour of multilayer auxetic structures based on the
example of the kagome tessellation. To make this
structure controllable using actuators, we propose to
stack two kagome tessellations upon each other.
Depending on how this stacking is performed, the
properties of the structure—for example the number
of DOFs—can be adjusted.

Here, we assume the mechanism to be based on
one of the three variants as depicted in Fig. 5.

The first variant, as depicted in Fig. 5a, consists of
two layers in which the triangular elements in each
layer are connected at their corners (intralayer con-
nections). Additionally, each element from one layer
is connected to an element from the other layer by
axles going through their respective centre points
(interlayer connections). To obtain a moveable
mechanism, the structure in the top layer needs to be
the mirrored version of the bottom layer. This mirror
transformation is explained in detail later in this
section.

The second variant, as depicted in Fig. 5b, is very
similar to the first variant. Here the triangular ele-
ments are also connected at their corners to their
neighbouring elements in the respective layer and the
top layer is again the mirrored version of the bottom
layer. The difference to the first variant is in an in-
plane shift of the bottom layer with respect to the top
layer. This shift transformation is explained in detail
later in this section. In this second variant, some of
the triangular elements from the top and bottom
layer do not have any interlayer connections. This
means that these elements are only connected to
neighbouring elements in their own layer.

The third variant, as depicted in Fig. 5c, is the so-
called Hoberman mechanism [42]. In this mechanism,

target surface
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(a)
top layer

bottom layer

(b)
top layer

bottom layer

(©)

top layer

bottom layer

Figure 5 Basic variants of kagome-based two-layered structures.
In variant a, the top layer and the bottom layer are mirrored, and all
elements of the top have interlayer connections to the bottom layer

the triangular elements in each layer are not con-
nected to their neighbouring elements in their own
layer. This means that no intralayer connections exist.
Each element from one layer is connected to an ele-
ment from the other layer by axles going through
their respective centre points. Additionally, there are
interlayer connections at the corners of each element
connecting to the corners from the other layer. For
clarity, these connections are depicted step by step in
Fig. 5c.

The variants in Fig. 5a and c only have a single
DOF meaning they can be controlled with a single
actuator but can attain only one preset target geom-
etry and do not allow a wide range of different target
shapes. The variant in Fig. 5b has a degree of free-
dom of three. The potential means of adding DOFs
are discussed in the respective section further in the
text. The comparison of the variants in Fig. 5a and b
concerning the DOFs is shown in detail in Fig. 8.
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at their centres. Variant b is very similar to variant a, but the top
and bottom layer are shifted with respect to each other. Variant c is
the Hoberman mechanism [42].

Mirror transformation

It was already mentioned, that for the creation of
variant a and b of the kagome-based two-layered
structures (see Fig. 5), the top layer tessellation and
the bottom layer tessellation need to be mirrored. The
process of mirroring a tessellation is explained by
Fig. 6. Here, three axes of rotation are depicted. If a
layer A is rotated around one of these axes by 180°,
the resulting state of the structure is called the mir-
rored layer A’ of the original state (translational shifts
are neglected). An axis of rotation is found by

Figure 6 Schematic explanation of mirroring a tessellation. The
unique axes 1, 2 and 3 are created by the connection of the centre
points of neighbouring elements.



connecting the centre points of two neighbouring
elements.

Shift transformation

To create variant b of the kagome-based two-layered
structures (see Fig. 5b), the top layer and bottom
layer need to be shifted with respect to each other. In
the kagome tessellation, there are six meaningful shift
vectors, which can be used to obtain a working
mechanism. Based on the initial configuration A of
the tessellation, it is then shifted in direction and
magnitude of one of these possible shift vectors, see
Fig. 7. Comparing the results of the shift transfor-

mation, it can be seen, that using shift vectors @, b, or
¢ (= Shiftl transformation) would all result in struc-

-

ture B and that using the shift vectors d, e or f
(= Shift2 transformation) would all result in structure
C. So basically, there are only these two possible
results (structure B and C) after the shift transfor-
mation applied on the kagome tessellation A. Com-
paring the results B and C, it can be seen, that in
configuration B, the red triangles are shifted to the
position of the voids in the initial configuration A. In
result C, the blue triangles take the position of the
voids of the initial state A. Additional transformation
rules can be found in kagome tessellations:

Shiftl
72

N c

hift2

wn

Figure 7 Schematic explanation of the shift transformation.
Shifting the initial tessellation A in the direction of the vectors in
red (3 , € or f ) would give the configuration B; shifting by the
vectors depicted in black (@, 5, or ¢) would give the
configuration C. The given axes 1, 2 and 3 are the same ones as
shown in Fig. 6.

Applying the Shiftl transformation on structure B
results in structure C:

Shift1(B) = C )

Applying the Shift2 transformation on structure C
results in structure B:

Shift2(C) = B 3)

Shiftl and Shift2 are inverse transformations in the
kagome tessellation:

Shift1 (Shift2(A)) = Shift2(Shift1(A)) = A (4)

The mirror transformation and the shift transfor-
mation both commutate:

Shift1(A’) = (Shift1(A))’ (5)
and
Shift2(A’) = (Shift2(A))’ (6)

Introduction of additional DOFs

The mechanisms shown in Fig. 5a and c have a single
DOF, with Poisson’s ratio v = —1. This means in
theory, that the whole structure could be actuated by
one actuator. This also means, that—if the tessellation
is uniformly patterned—the scaling factor upon
actuation is always equal at each local point of the
structure [13, 43]. Structures with a single DOF
obviously cannot be used to create versatile shapes,
therefore we need to introduce more DOFs to the
system in order to create structures that can change
their shape to more complex target shapes. In the
following, we will discuss some possibilities to
introduce more DOFs to a two-layered structure.

One way to introduce additional DOFs is by
inserting scissor linkages. This leads to the possibility
of having a different scaling factor at different points
of the structure, even if the tessellations are uni-
formly patterned [36]. It must be noted, that by
introducing more degrees of freedom, it is possible to
obtain structures with locally varying Poisson’s ratio.
The determination of local Poisson’s ratio is chal-
lenging and beyond the scope of this paper. Investi-
gations on this effect were conducted for example by
Yolcu and Baba [44].

Also, more DOFs for a structure can be obtained if
the second layer experiences a certain shift transfor-
mation before being stacked upon the first layer. For
example, if a layer of configuration B or C is stacked
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upon a layer of configuration A (see Fig. 7), a struc-
ture with multiple DOFs is formed. The reason for
this is, that the kinematics of the whole structure
changes depending on the configuration of the
stacked layers. The kinematics can be completely
described by the movement of rigid minimum sided
polygons found in the structure of the system. For an
example, in Fig. 8, the rigid minimum sided poly-
gons for two different systems are depicted.
Another possibility to create controllable auxetic
structures with multiple DOFs is by using a complete
kagome tessellation forming one layer with many
DOFs. To make this structure controllable, some of
the elements from this tessellation are used to form
actuator structures as shown in Fig. 3. It must be
emphasized, that if all elements from the kagome
tessellation layer as depicted in Fig. 3 are coaxially
connected to their respective counterparts, this would
end up with a structure with a single DOF. Therefore,
only some of the elements may be used for that
purpose. The creation of actuator structures leads to
an overall structure which is two-layered since the
proposed actuator structures comprise two layers. A
collection of possible patterns is given in Fig. 9. Here,
the triangular elements belonging to actuator struc-
tures are depicted in black, the normal triangular
elements are drawn in white. Grey triangular ele-
ments represent actuator-like structures with a single
DOF, see Fig. 3, but no actuator is placed in it. In
other words, grey elements are connected to the
bottom layer at the centre. White elements have only
intralayer connections and can be inserted into the

04 -

Figure 8 Illustration of the DOFs for different systems. On the
left, a system comprising of the layers AA’ is depicted. Its state
can be completely described by the angle « in the shown four-
sided polygon and therefore has a single DOF. On the right, a
system comprising of the layers AC is depicted. Its state can be
completely described by the angles o, § and y in the shown six-
sided polygon and therefore its DOF equals 3.

@ Springer

structure to reduce the DOFs of the overall structure.
It must be emphasized that the introduction of these
patterns is only needed when the used actuator (and
actuator like) structures have only a single DOF.
Implementing these patterns is in this paper referred
to a “gridding”.

A main goal for gridding is to create a well-be-
haved structure: This means that the position and
movement of every element should be determinable
by the current states in which the actuators of the
structure are. In order to create such structures, every
element of the kagome tessellation layer should
(i) belong to an actuated substructure with a single
DOF or should (ii) be connected to two elements of
such substructure. The more distance an element has
from such substructures, the more undetermined its
movement during actuation becomes. This is because
the one-layered kagome tessellation has inherently
multiple DOFs [45].

Variants of actuator structures

A simple actuator structure is shown in Fig. 3. If this
structure is actuated—this means the relative angle
between the elements of the top and bottom layer is
changed by an externally controlled rotational actu-
ator—the structure expands (opens) or contracts
(closes) with a Poisson’s ratio v = —1. This could be
interpreted as a change in the scaling factor for this
structure. Using these actuator structures in patterns
as described in Fig. 9 would lead to an overall
structure in which the scaling factor can vary locally.
If there is a non-uniform scaling occurring in a plane
structure, an internal compression or tensile force
acts within the structure. If the structure is thin and
flat, it can be approximated using plate theory. When
internal compression stresses act, the plate will first
remain flat and be simply compressed. Upon
exceeding a critical compression force, according to
plate theory, buckling occurs—therefore the previous
plane geometry will snap-through to a non-plane
geometry. A demonstration of this behaviour was
shown by Van Manen et al. [4], a numerical investi-
gation on smart material snap-through was con-
ducted by Ehrenhofer and Wallmersperger [46]. For
more information on the principles of buckling in
plates see [47]. In the normal case, the direction of
buckling is random, which limits the use cases. One
possibility to direct the buckling is for example to use
different elastic moduli of the layers. This would lead
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A element belonging to an actuator structure

A element belonging to an actuator-like structure (without actuator)
/\ element without any connection to another layer

Figure 9 Schematic representation of controllable auxetic
structures with multiple DOFs in closed and open configuration.
Here, black triangles represent elements which are attached to an

to a buckling in the direction of the layer with lower
elastic modulus. Another possibility is to direct the
buckling with the help of external forces like the
gravity force.

A different variant for an actuator structure is
depicted in Fig. 10. This structure is again composed
of two layers, each containing four elements. Each
element is coaxially connected to its counterpart in
the other layer. Different from the first variant, the

exploded view

L

X top layer

bottom layer

7
side view | Y
X

top layer
bottom layer %_’&" %

actuator structure, grey elements are attached to actuator-like
structures without an actuator and white elements are triangular
elements without any attachment to a second layer.

elements are not connected to their neighbouring
elements within their own layer by one corner, but
only by a point connection. This point connection
permits the elements to only perform an in-plane
rotation, but to also to perform an out-of-plane dis-
placement. Also, the structure in the top layer and the
bottom layer is both equally arranged. This means
that the top layer is not the mirrored version of the
bottom layer which is the case in the actuator

Figure 10 3D representation of a two-layered actuator structure AA which will bend upon actuation.
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structure from Fig. 3. In Fig. 10, both the top and
bottom layer structure (if not connected to the other
layer) expands if the centre element rotates in the
clockwise direction and contracts if the centre ele-
ment rotates in anticlockwise direction.

Upon changing the relative angle between the top
and bottom centre element using an actuator would
therefore lead to an expansion of the top layer and a
contraction of the bottom layer or vice versa. The
overall actuator structure would therefore not
expand or contract, but only bend. This behaviour
has already been demonstrated by using multi-lay-
ered soft gels [4]. Using the proposed actuator
structure allows changing the Gaussian curvature but
not the scaling factor. Since a change of curvature is
always linked to a bending moment, this actuator
structure can be seen as a structural element inducing
a bending moment on its surrounding.

An important difference in behaviour of the
structures depicted in Fig. 10 to the structures in
Figs. 3, 8 and 9 is that if top and bottom layer expand,
for example by external forces, the coaxially con-
nected elements rotate in the same direction. We
denote this relation between the two layers, such as
in Fig. 10, as “4”. Whereas, in the previously
described structures in Figs. 3, 8 and 9, coaxially
connected elements rotate in opposite directions
when the top and bottom layer expands. We thus
denote the relation between the two layers as “—”
Thus, the relations “+” and “—” between two layers
describe the direction of rotation of any two coaxially
connected elements, “+” being the same direction,
and “—” meaning opposite directions of rotation
during expansion of both layers, see Fig. 11. These
relations for different layer pairings are summarized
in Table 1. Here, the layers B and C denote shifted
layers of layer A, compare Fig. 7. The notation A’, B/
and C’ denote the mirrored layers of A, B and C,
respectively, compare Fig. 6. With layer pairing we
mean the combination of two layers (“layer one” and
“layer two” in Table 1) upon stacking.

From Table 1, it can be inferred that two layers
with the relation “4” will behave in a similar manner
as depicted in Fig. 10 and the ones with “—” as
depicted for example in Fig. 3.

A third variant for an actuator structure is depicted
in Fig. 12. This structure comprises three different
layers, arranged in specific patterns. To describe
these patterns, we use the notation AA’A (top left)
and A’AA (top right) for the respective arrangements

@ Springer

shown in Figure. The arrangement A’AA for example
describes that the bottom and middle layer are of
pattern A, and the top layer is of pattern A’. Pattern A
denotes the basic kagome pattern as shown in Fig. 2,
whereas pattern A’ denotes the mirrored version of
pattern A as depicted in Fig. 6. Using these arrange-
ments, it is possible to incorporate two rotational
actuators, each controlling the relative angle between
the respective elements of neighbouring layers. With
these, it is possible to control the Gaussian curvature
and the scaling factors of the actuator structure,
compare Fig. 12 (bottom). It has to be noted that the
movement of these actuator structures also depends
on the thickness d; and d in Fig. 12, which describes
the vertical distance between the point connections of
stacked elements. The intralayer connections within
the middle layer may not hinder the rotation or
transfer a bending moment. This could for example
be realized by ball joints or elastic hinges.

Three-layered structures

As was discussed in the previous section, the simul-
taneous control of scaling factor and Gaussian cur-
vature is only possible for the structures considered
in this work if actuator structures made of three
layers are utilized. In this section we want to inves-
tigate auxetic structures composed of three stacked
layers made of different auxetic tessellations. In these
structures, the mentioned three-layered actuator
structures can be easily incorporated. In Fig. 13, the
stacking of different tessellations is shown, which
results in useful two- and three-layered structures. It
has to be noted that the relations discussed in the
section in two-layered structures listed in Table 1 are
also valid here between any two stacked layers. For
example, the structure AAA will not have a control
over scaling factor as there are no layer combinations
with a “—” relation.

When stacking different layers, the bottom layer
(layer 1) would always be layer A (the standard
kagome tessellation). On top of layer 1, a mirrored
tessellation A’ (see Fig. 6), the same tessellation A, the
shifted tessellation B (see Fig. 7) or the shifted and
mirrored tessellation B’ can be stacked. By incorpo-
rating rotational actuators into these structures
according to the two-layered actuator structures
mentioned before, it is possible to control the scaling
factor or the Gaussian curvature in these structures. If
a third layer is added, it is possible to incorporate



Figure 11 Graphic
explanation for the different
types of layer pairings with the
relations “+” and “—7, using
the example of AA layer
pairing (top) and AA’ layer
pairing (bottom). If upon
expansion stacked elements
rotate in equal directions, the
layer-pairing relation is “4-”, if

layer one: configuration A
—> if layer one expands, the center
element must rotate in clockwise direction.

layer two: configuration A
—» if layer two expands, the center
element must rotate in clockwise direction.

they rotate in opposite
directions, the layer-pairing
relation is denoted as “—”.
Layer pairings with equal
layer-pairing relations show
similar behaviour upon
actuation.

layer one: configuration A
—>» if layer one expands, the center
element must rotate in clockwise direction.

layer two: configuration A’
—> if layer two expands, the center
element must rotate in anticlockwise direction. \

—>|—=

-
v

rotational actuators to form the aforementioned
three-layered actuator structures, which would allow
for a control of both the scaling factor and
the Gaussian curvature. In Fig. 13 only a selection of
useful combinations is given for the three-layered
structures, which are able to change the scaling factor
and the Gaussian curvature at local points.

Conclusion

The goal of this work was to introduce the idea of
general controllable surfaces and to investigate pos-
sibilities on how to create these. With controllable or
programmable surfaces we mean surface structures
which can adapt to a variety of target shapes. For this,
we explicitly investigated origami-inspired tessella-
tions in order to achieve non-developable surfaces.
Within the scope of this work, we investigated
kagome tessellations as a base. This can also be
extended to diamond plate or other tessellations. A
multitude of different active structures could be
developed using this concept.

To achieve the beforementioned goal of creating
controllable surface structures, a multitude of inves-
tigations was performed: first, we identified the cur-
vature and the scaling factor as the necessary local
target variables on the surface. Also, we note that for
achieving general target shapes, there need to be
enough degrees of freedom to perform the necessary

transformation. Possibilities to vary the number of
degrees of freedom are gridding and the variation of
the layer pairings. In the second step, we discovered
that the mentioned target variables can be controlled
by stacking two tessellation layers upon each other.
The layers are connected to each other by interlayer
connections. To control the degrees of freedom of the
overall structure, actuators or acturator structures
need to be incorporated into the overall structure. In
the paper, three possibilities are given on how to
design such structures. It was found that using only
two stacked tessellations, only either curvature OR
scaling can be controlled at one point. Whether scal-
ing or curvature can be controlled depends on the
type of the used layer pairings. Shift and mirror
transformations are introduced to describe these
layer pairings. If only the local scaling factor is
externally controlled, the structure can undergo two
different types of shape transition: if the scaling factor
is changed equally at each point in the structure, this
will lead to an expansion of the structure, without
any bending, so the structure remains in-plane and
only changes its size. If the scaling factor is changed
differently at different points in the structure, this can
lead to compressive stresses in the structure. If the
compressive stresses surpass a threshold, buckling or
snap-through of the structure occurs. The direction of
the snap-through could be guided by external forces
or by designing the structure in a way, that there is a
preferential direction for it. A two-layered structure
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Table 1 Relation between layer pairings

Layer one
C'|IB|A|C|B| A

A T -
B - -

=

EEE

= B | -
Cl

The relations “4” and “—” between two layers denote the direction
“+” being the
same direction, and “~” meaning opposite directions during

of rotation of two coaxially connected elements,

expansion of both layers. Here, the layers B and C are shifted
layers of layer A, compare Fig. 7. The notation A’, B’ and C’'
describe the mirrored layers of A, B and C, respectively, compare
Fig. 6. With layer pairing we mean the combination of any two
layers upon stacking

Arrangement AA'A

T

Layers

can also be set up in a way, that only the Gaussian
curvature can be externally controlled. By this, the
out-of-plane movement can be controlled, but the
overall size of the structure cannot be manipulated.

To overcome the shortcomings of two-layered
structures and control scaling and curvature at the
same point, three layers can be used. For this it is
required, that suitable layer pairings are combined.
Then, one layer pairing is used to curvature control,
while the second layer pairing is used for scaling
control. Three-layered structures are more challeng-
ing to manufacture. Especially the interlayer con-
nectors pose another major difficulty in terms of
mechanical/material ~ manufacturing  of  the
structures.

Outlook
The present work is intended to contribute to a novel
approach in architectural design and engineering. It

understands itself as a part of a more comprehensive
research venture, which brings together different

Arrangement A'AA

Layers

d; ! '
dzh \!A

Figure 12 3D representation of a three-layered actuator structure. Here the different colours are used to distinguish between elements of

the three different layers.
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Layer 1 &=
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Layer 3 []

One Layer

AA'
(Control scaling factor)
[Gridding needed]

g

Two Layers

Three Layers

AB'C
(Control
scaling factor

AAA' ABA ABC
(Control (Control (Control
scaling factor scaling factor scaling factor

AA'A
(Control
scaling factor

and curvature)
[Gridding
needed]

and curvature)
[Gridding
needed]

and curvature)

and curvature)

and curvature)

Figure 13 Some possibilities of stacking different tesselations/layers in order to obtain controllable auxetic structures for single-, two- or

three-layered systems. Here we show examples of two-layered and three-layered structures in the second and the third row, respectively.

scientific expertise. It aims at spatial structures that
can respond to highly volatile conditions—both in
the rapidly changing human and natural
environment.

Facing several unforeseen disruptions in the
physical and social, global and local context, active,
programmable structures could contribute to ground-
breaking new solutions. These solutions range from
buildings physics (adaptive light control, ventilation,
acoustics) up to proactive structures that provide for
more security, stability, robustness and resilience.

To achieve real-world applications, further
research has to be carried out. For example, the
practical limitation in terms of size and scale and
materiality need to be considered. Since this paper
discusses only the theoretical connections and the

arrangements in multi-layered mechanisms, the
practical ways of applying such procedures in cor-
responding mechanisms with soft/rigid elements
must be studied. The mechanical details and fabri-
cation techniques of the hinges and connections dis-
cussed in the mechanisms in the present paper must
be worked out. The mechanisms discussed in this
paper also demand for computational design and
mapping of multi-layered auxetic mechanisms based
on curvature, scaling factor and interlayer distance,
which is beyond the scope of this paper. Estimating
the rotation angles of individual elements to attain
any geometry is substantial for programming the
geometry onto such surfaces. The description of
dynamic and transformative structures still poses a

@ Springer
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challenge due to limited analytical and numerical
models.

Controlling the movements of flat structures has
many potential applications in various fields beyond
architecture, for example space- and biotechnologies.
In this paper, we predominately discussed about the
kagome tessellation, but a generalization for all aux-
etic mechanisms needs to be done mathematically.
These auxetic mechanism can also be implemented
into different geometries other than flat structures,
for example for cuboids, fulleroids, rhombododeka-
hedrons and others [48, 49]. We discussed some
possible auxetic tessellations and some of their vari-
ants created by application of different transforma-
tions. It is necessary to further investigate the
resulting structures created by the number of possi-
ble shift transformations and their respective
characteristics.

The investigated auxetic structures involve a large
number of rigid elements and hinges, increasing their
complexity. Such hinges and mechanisms are already
discussed in deployable structures [50-52]. One way
to simplify these mechanisms is the usage of mono-
lithic elastic surfaces with elastic hinges or bodies.

The options to optimize these patterns need to
be further explored. Also, the ways of actuation,
deployment and fabrication need to be investigated.
For this, smart materials might be advantageous over
classic materials.

Acknowledgements

This research was partly funded by the German
Research Foundation (DFG) within the framework of
the SFB/TRR 280 and by the DAAD STIBET - III
Scholarship, which is gratefully acknowledged. The
authors want to thank Adam Urban and Konstantin
Doll for helping in the creation of prototype auxetic
structures.

Author contributions

NKK contributed to investigation, methodology,
visualization, conceptualization, writing—original
draft, writing—review and editing. MS contributed to
investigation, methodology, project administration,
conceptualization, writing—original draft, writing—
review and editing. SW contributed to investigation,

@ Springer

methodology, conceptualization, writing—original
draft, writing—review and editing. TW contributed
to resources, project administration, conceptualiza-
tion, writing—review and editing. JRN contributed to
funding acquisition, resources, project administra-
tion, conceptualization, writing—review and editing.

Funding

Open Access funding enabled and organized by
Projekt DEAL.

Data and code availability
Not Applicable.
Declarations

Conflict of interest The authors declare that they
have no known competing financial interests or per-
sonal relationships that could have appeared to
influence the work reported in this paper.

Ethical approval Not Applicable.

Open Access This article is licensed under a
Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or
format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if chan-
ges were made. The images or other third party
material in this article are included in the article’s
Creative Commons licence, unless indicated other-
wise in a credit line to the material. If material is not
included in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://c
reativecommons.org/licenses/by/4.0/.

References

[17 Klein Y, Venkataramani S, Sharon E (2011) Experimental
study of shape transitions and energy scaling in thin non-
Euclidean plates. Phys Rev Lett 106:118303


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

] Mater Sci

(2]

(3]

(4]

[10]

(1]

[12]

[13]

Mao Y, Ding Z, Yuan C, Ai S, Isakov M, Wu J, Wang T,
Dunn ML, Qi HJ (2016) 3D printed reversible shape
changing components with stimuli responsive materials. Sci
Rep 6:24761

Mailen RW, Wagner CH, Bang RS, Zikry M, Dickey MD,
Genzer J (2019) Thermo-mechanical transformation of shape
memory polymers from initially flat discs to bowls and
saddles. Smart Mater Struct 28:45011

van Manen T, Janbaz S, Zadpoor AA (2018) Programming
the shape-shifting of flat Mater Today
21:144-163

Ehrenhofer A, Wallmersperger T (2020) Shell-forming

stimulus-active hydrogel composite membranes: concept and

soft matter.

modeling. Micromachines 11:541

Sobczyk M, Wiesenhiitter S, Noennig JR, Wallmersperger T
(2022) Smart materials in architecture for actuator and sensor
applications: a review. J Intell Mater Syst Struct 33:379-399
Naboni R, Mirante L (2015) Metamaterial computation and
fabrication of auxetic patterns for architecture.

Saxena KK, Das R, Calius EP (2016) Three decades of
auxetics research - materials with negative Poisson’s ratio: a
review. Adv Eng Mater 18:1847-1870

Evans KE, Alderson A (2000) Auxetic materials: functional
materials and structures from lateral thinking! Adv Mater
12:617-628

Nazari Z, Ahmadi H, Liaghat G, Vahid S (2022) Investiga-
tion on the compressive properties of auxetic foams under
different loading rates. Polym Eng Sci 62:1720-1730

Jiang L, Hu H (2017) Finite element modeling of multilayer
orthogonal auxetic composites under low-velocity impact.
Materials 10:908

Simpson J, Kazanc1 Z (2020) Crushing investigation of crash
boxes filled with honeycomb and re-entrant (auxetic) lattices.
Thin Walled Struct 150:106676

Resch RD (1973) The topological design of sculptural and
architectural systems. In: Association for computing
machinery. Proceedings of the June 4-8, 1973, national
computer conference and exposition on - AFIPS *73, New
York. ACM Press, New York, pp 643-650

Kim J, Hanna JA, Byun M, Santangelo CD, Hayward RC
(2012) Designing responsive buckled surfaces by halftone
gel lithography. Science 335:1201-1205

Celli P, McMahan C, Ramirez B, Bauhofer A, Naify C,
Hofmann D, Audoly B, Daraio C (2018) Shape-morphing
architected sheets with non-periodic cut patterns. Soft Matter
14:9744-9749

Raviv D, Zhao W, McKnelly C, Papadopoulou A, Kadambi
A, Shi B, Hirsch S, Dikovsky D, Zyracki M, Olguin C,
Raskar R, Tibbits S (2014) Active printed materials for
complex self-evolving deformations. Sci Rep 4:7422

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

(30]

Tachi T (2013) Freeform origami tessellations by general-
izing Resch’s patterns. In: American society of mechanical
engineers. Volume 6B: 37th Mechanisms and Robotics
Conference: American Society of Mechanical Engineers
Ou J, Ma Z, Peters J, Dai S, Vlavianos N, Ishii H (2018)
KinetiX - designing auxetic-inspired deformable material
structures. Comput Graph 75:72-81

Cho Y, Shin J-H, Costa A, Kim TA, Kunin V, Li J, Lee SY,
Yang S, Han HN, Choi I-S, Srolovitz DJ (2014) Engineering
the shape and structure of materials by fractal cut. Proc Natl
Acad Sci USA 111:17390-17395

Slann A, White W, Scarpa F, Boba K, Farrow I (2015)
Cellular plates with auxetic rectangular perforations. Phys
Status Solidi B 252:1533-1539

Ren X, Das R, Tran P, Ngo TD, Xie YM (2018) Auxetic
metamaterials and structures: a review. Smart Mater Struct
27:23001

Grima JN, Alderson A, Evans KE (2004) Negative Poisson’s
ratios from rotating rectangles. Comput Methods Sci Technol
10:137-145

Grima JN, Evans KE (2006) Auxetic behavior from rotating
triangles. J Mater Sci 41:3193-3196. https://doi.org/10.1007/
$10853-006-6339-8

Grima JN, Farrugia PS, Caruana C, Gatt R, Attard D (2008)
Auxetic behaviour from stretching connected squares.
J Mater Sci 43:5962—5971. https://doi.org/10.1007/s10853-
008-2765-0

Grima JN, Manicaro E, Attard D (2011) Auxetic behaviour
from connected different-sized squares and rectangles. Proc
R Soc A Math Phys Eng Sci 467:439-458

Choi GPT, Dudte LH, Mahadevan L (2019) Programming
shape using kirigami tessellations. Nat Mater 18:999-1004
Friedrich J, Pfeiffer S, Gengnagel C (2018) Locally varied
auxetic structures for doubly-curved shapes. In: de Rycke K,
Gengnagel C, Baverel O, Burry J, Mueller C, Nguyen MM,
Rahm P, Thomsen MR (eds) Humanizing digital reality.
Springer Singapore, Singapore, pp 323-336

Naboni R, Pezzi SS (2016) Embedding auxetic properties in
designing active-bending gridshells. In: Blucher design
proceedings. pp 720-726

Aldinger L, Margariti G, Kérner A, Suzuki S, Knippers J
(2018) Tailoring Self-Formation fabrication and simulation
of membrane-actuated stiffness gradient composites. In:
Mueller C, Adriaenssens S (eds) Proceedings of the IASS
symposium 2018 - creativity in structural design. Interna-
tional Association for Shell and Spatial Structures (IASS),
pp 1-8

Klein Y, Efrati E, Sharon E (2007) Shaping of elastic sheets
by prescription
315:1116-1120

of non-Euclidean metrics. Science

@ Springer


https://doi.org/10.1007/s10853-006-6339-8
https://doi.org/10.1007/s10853-006-6339-8
https://doi.org/10.1007/s10853-008-2765-0
https://doi.org/10.1007/s10853-008-2765-0

[31]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Konakovic-Lukovic M, Konakovic P, Pauly M (2018)
Computational design of deployable auxetic shells. In:
Hesselgren L, Olsson K-G, Kilian A, Malek S, Sorkine-
Hornung O, Williams C (eds) AAG 2018: advances in
architectural geometry, 1st edn. Klein Publishing, Wien
Konakovic¢-Lukovi¢ M, Panetta J, Crane K, Pauly M (2018)
Rapid deployment of curved surfaces via programmable
auxetics. ACM Trans Graph 37:1-13

Zeeshan M, Hu H, Zulifgar A (2022) Three-dimensional
narrow woven fabric with in-plane auxetic behavior. Text
Res J 92:4695-4708

Yu R, Luo W, Yuan H, Liu J, He W, Yu Z (2020) Experi-
mental and numerical research on foam filled re-entrant
cellular structure with negative Poisson’s ratio. Thin Walled
Struct 153:106679

Andrews B, Yuping C, Rafiu KR, Pibo M (2019) A review
on auxetic textile structures, their mechanism and properties.
J Text Sci Fash Technol 2:1-10

Konakovi¢ M, Crane K, Deng B, Bouaziz S, Piker D, Pauly
M (2016) Beyond developable: computational design and
fabrication with auxetic materials. ACM Trans Graph
35:1-11

Gauss KF (1902) General investigations of curved surfaces
of 1827 and 1825. Nature 66:316-317

Tapp K (2016) Differential geometry of curves and surfaces.
Springer International Publishing, Cham

Sawhney R, Crane K (2018) Boundary first flattening. ACM
Trans Graph 37:1-14

Springborn B, Schréder P, Pinkall U (2008) Conformal
equivalence of triangle meshes. In: Association for com-
puting machinery. ACM SIGGRAPH 2008, New York.
ACM Press, New York, pp 1

Foschi R (2019) algorithmic modelling of folded surfaces.
analysis and design of folded surfaces in architecture and

manufacturing. Universita di Bologna. PhD Thesis

@ Springer

[42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

[50]

[51]

[52]

Hoberman C (2001) Reversibly expandable structures hav-
ing polygon links. Patent CA2292161A1

Cabras L, Brun M (2014) Auxetic two-dimensional lattices
with Poisson’s ratio arbitrarily close to —1. Proc R Soc A
Math Phys Eng Sci 470:20140538

Yolcu DA, Baba BO (2022) Measurement of Poisson’s ratio
of the auxetic structure. Measurement 204:112040

Kapko V, Treacy MMJ, Thorpe MF, Guest SD (2009) On the
collapse of locally isostatic networks. Proc R Soc A Math
Phys Eng Sci 465:3517-3530

Ehrenhofer A, Wallmersperger T (2023) Surface softness
tuning with arch-forming active hydrogel elements. Adv Eng
Mater. https://doi.org/10.1002/adem.202201935

Lowe PG (1982) Elastic plates. In: Lowe PG (ed) Basic
principles of plate theory. Springer, Dordrecht, pp 39-74
Wohlhart K (1997) Kinematics and dynamics of the full-
eroid. Multibody Syst Dyn 1:241-258
Wohlhart K (2001) Regular polyhedral
IFToMM technical committee for computational kinematics.

linkages. In:

Proceedings of the 2nd workshop on computational kine-
matics. Pp 239-248

Tachi T (2010) Geometric considerations for the design of
rigid origami structures. In: International association for
shell, spatial structures. Proceedings of the international
association for shell and spatial structures (IASS)
Symposium.

Tachi T (2011) Rigid-foldable thick origami. In: Yim M (ed)
Origami 5. AK Peters/CRC Press, Boca Raton, pp 253-263
Verheyen HF (1989) The complete set of Jitterbug trans-
formers and the analysis of their motion. Comput Math Appl

17:203-250

Publisher's Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.


https://doi.org/10.1002/adem.202201935

	Programmable multi-layered auxetic mechanisms
	Abstract
	Introduction
	Related work
	Auxetic surfaces
	Two-layered structures
	Mirror transformation
	Shift transformation
	Introduction of additional DOFs
	Variants of actuator structures

	Three-layered structures

	Conclusion
	Outlook
	Data and code availability
	References


