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Reprogrammable 3D Shapes from 1D Metamaterial

Ezra Ben-Abu,* Anna Zigelman, Yaron Veksler, Sefi Givli, Evgueni Filipov, Hod Lipson,

and Amir D. Gat

Three billion years of evolution have produced a vast variety of protein
molecules, whose functions are directly dependent on their ability to assume
and maintain specific shapes. Proteins are defined by the sequence and
chemical characteristics of their amino acids, which dictate their 3D shape
and function, ranging from enzymatic activity to immune responses. Here, we
explore a synthetic form of linear structure that can be bent in a
programmable way into various specific 3D shapes inspired by the way
functional proteins are defined using genetic codes. This synthetic structure is
based on non-circular multistable corrugated tubes, which can be fabricated
at various length scales and cross-sectional shapes, thus enabling the
modification of their properties. Additionally, the cross-section shape can be
rewritten multiple times, allowing for the repair of structural damage and the
rewriting of the properties of the structure’s multi-stability. A numerical model
is used to describe the bending energy landscape of different cross-sections.
The proposed reprogrammable 3D shapes of a rewritable 1D metamaterial are
promising candidates for futuristic robotic systems, complex deployable
structures, catheter devices, and energy absorption and harvesting.

1. Introduction

Reprogramming a specific 3D configuration using 1D struc-
tures is crucial for diverse research fields, ranging from bio-
logical systems, which rely on protein molecules, to various
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engineering applications, which utilize
metamaterials.'™* It is well known
that proteins are complex molecules
essential to all biological organisms and
consist of long chains of amino acids,
which are linked together in specific
sequences. These sequences determine
the unique 3D structure of each protein,
which in turn influences its function-
ality within the body, including enzy-
matic activity,>®! structural support,[”
transport and storage,*1%  cellular
signaling, "] immune responsel!*1]
muscle movement,['*’] and gene ex-
pression regulation.'®1°] The evolution
of proteins is a complex process that
has taken billions of years.’”) A field of
computational protein design aims to
automate the design of proteins in a pro-
grammable manner,?%) thus making
this process shorter and more efficient.
Extensive research focuses on creating
and studying proteins, including X-ray
crystallography,?®l  nuclear magnetic
resonance (NMR) spectroscopy,!?’?%! cryo-electron microscopy
(Cryo-EM),!?301 and mass spectrometry.>"*?) There are various
physical systems and structures that mimic certain aspects of
proteins, often inspired by the unique properties and functions
of proteins. These include polymer networks,3*! robotic and me-
chanical systems,**] and hydrogels.!*>3¢]

This functionality has not been replicated in synthetic systems,
which are mostly built from continuous 3D parts without the abil-
ity to fold into discrete configurations. This limitation restricts
the reusability and replicability of structures. The main challenge
in overcoming this limitation is the lack of a substrate that would
enable comparable performance. Here, we introduce a new sub-
strate, by configuring 1D components into 3D structures through
a discrete sequence of operations. This behavior of discrete fold-
ing and bending can also be found in multistable structures
such as origami structures, e.g., Miura origamil*”3#! and Kresling
origami,[*>*1l and shape-morphing structures.*>*] The ‘Bendy
Straw’ is another example of a multistable structure, which com-
bines multistability and inflatability, leading to increasing inter-
est in this structure in recent years. For example, Bende et al.,[*]
studied experimentally the multistability of the bendy straw that
depends on the geometry and internal stress properties in bend-
ing and extension states. Later, Ilssar et al.,|*’] investigated, both
theoretically and experimentally, the dynamic modeling of fluid-
filled straw-like elements consisting of serially interconnected
elastic frusta with both axisymmetric and antisymmetric degrees
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Figure 1. Programming complex 3D shapes. A) Given a CFT composed of 500 frusta with a hexagonal (H) cross-section, we impose on it the constraints
given as a 2D matrix in B), in order to obtain theoretically the uniquely determined complex 3D configuration shown in C). The number of elongated
frusta appears in the first column of each row in (B) and the number of bent frusta with the bend applied at the given point A, B, C, D, E, or F appears
in the second column. Note that the number of possible bent points for the hexagonal cross-section is 6.

of freedom. On a different note, Breitman et al.,[*®! investigated,

both theoretically and experimentally, the fluid-solid-interaction
dynamics occurring in a multistable straw filled with a highly vis-
cous fluid. The bending stability of this structure with different
cross-sections was studied theoretically by Wo et al.,l*”] who used
a numerical model based on the bar-and-hinges method. An ad-
ditional study was proposed by Ben-Abu et al.,l*8] who invented
a similar structure with helical path, resulting in an additional
degree of freedom for twisting, where the non-linear relation
between the extension and rotation was examined both experi-
mentally and theoretically. This bendy straw has demonstrated
promising characteristics in applications such as soft-growing
structures,*’! energy absorption®"! energy harvesting,°*?] de-
ployable structures,[*l pushing objects,**] and meta-wire which
can be reconfigured rapidly and accurately to arbitrary target
shapes.[>4l

In this work, we propose 1D metamaterial based on multi-
stable corrugated tubes with programmable and rewritable cross-
sections, resulting in a multistable structure with discrete ex-
tending, bending, and folding along both the longitudinal and
angular axes. To the best of our knowledge, no previous stud-
ies have described the manufacturing process for bendy straw,
since all of them used pre-manufactured straws. We introduce
our fabrication methodology, which is based on controlled and
directed mechanical instability, enabling rapid and easy fabrica-
tion across multiple length scales. This method allows for the
creation of structures with various non-circular shapes, leading
to different bending stabilities with preferred directions. Further-
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more, the cross-sectional shape of a structure can be altered mul-
tiple times without significantly affecting its mechanical proper-
ties, which allows for the repair of structural damage and rewrit-
ing of its multistable properties, thereby enhancing its durability.
The fabrication method is based on a pre-stress process that en-
ables controlled collapse of the tube into a predefined path, yield-
ing a structure with tunable mechanical properties. To analyze
the behavior and performance of the bending stability for vari-
ous cross-sectional shapes of the structure, we used a numerical
model developed by Wo et al.[*’! With dimensions ranging from
centimeters to submillimeters on the radial axis and meters to
millimeters on the longitudinal axis, combined with various poly-
mers of the structure, as well as the simplicity and rapidity of the
fabrication process, our proposed programmable 3D shapes of a
rewritable 1D metamaterial are promising candidates for robotic
systems, deployable structures, catheter devices, and energy ab-
sorption and harvesting applications.

2. Results

Here, we shall discuss the methods that enable us to create the
desired and complex 3D configurations based on the correspond-
ing constraints and cross-sectional shapes of the multistable con-
ical frusta tube (hereafter denoted by CFT). In Figure 1, we illus-
trate a complex 3D configuration obtained theoretically, which
is composed of 500 bistable elements. Using a similar approach
to the theoretical tools presented in our previous paper,[*! we
performed a simulation which starts from a closed CFT and a

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85UB017 SUOWIWIOD dA 81D 3|t jdde 8y} Aq peusenob afe Sa(olie YO BSn 0 S3|nI o4 A%iq1T 8UIIUO 43| 1M\ UO (SUO 1 IPUOD-PUR-SWISHLI0O" A3 | 1M Ae1q 1[UlIUO//SARY) SUORIPUOD PUe SWIS L 83 88S *[9202/0T/0€] Uo Areiq) 8uljuo A3|IM ‘€TTTOFZO0Z IWPe/Z00T OT/I0p/Woo" A3 1M Atelq 1 jpuljuo"paoueApe//Sdny WOy papeo|umod ‘7 ‘5202 X60LS9ET


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED ADVANCED
SCIENCE NEWS eRGRAR

www.advancedsciencenews.com www.advmattechnol.de

Theoretical Experimental

@) T
O mmmm———

+ 0,3513146] —

0,74,
2,7By

.Bz
P < J‘
B4
2,7Cy
2,7Dy &y ‘
27E, A
275 ‘ >

¢ B6
s | o

Four-leaf

> Cl
%80 | lover
S m Circle
c
260
5]
2
T 40}
o
£
-g 20

= B

O]

Four-leaf clover |DJKY

o @ & & 6 ©

Figure 2. Comparison of theoretical and experimental configurations. A) The left column shows pairs of closed CFTs (with circular, hexagonal, and
four-leaf clover cross-sections), where the upper CFT in the pair is an image of the CFT in our experiment and the lower CFT is an illustration of the CFT
plotted in Phyton. The second column of (A) represents the constraints which are applied on the corresponding CFTs. Note that (3,0) in the constraints
vector indicates a “straight section,” meaning that three frusta were elongated and zero frusta were bent. B) The theoretical and the experimental results
for the CFT configuration subject to the corresponding cross-section and constraints, respectively. C) A demonstration of the importance of the cross-
sectional shape of the CFT in achieving a particular 3D configuration: the left and the right columns show the experimental results of bending a CFT with
a circular and a four-leaf clover cross-sections, respectively. Although the four-leaf clover cross-section provides a very accurate representation of the
red curve shown in the inset (composed of six edges of a cube, where the vertices are indicated by (1)—(6)), the circular cross-section results in a much
less accurate approximation of the same curve. D) Comparison between the circular and four-leaf clover cross-sections in terms of the repeatability of
the obtained 3D configuration of the CFT. The numbers (1)—(6) on the x —axis represent the corresponding vertex of the cube (as indicated in (C)) and
the y —axis shows the bending angle, where the light-grey and grey colors represent the four-leaf clover and the circular cross-sections, respectively. The
inset visualizes the definition of the “Bending direction.” The error bars were found based on 10 repetitions.

specifically chosen list of constraints (in the matrix form) and  total nine frusta with hexagonal cross-section, two of which are
yields the desired final 3D configuration. Note that the ability = open and seven of which are bent in point A (located at 30°, with
to achieve the particular 3D configurations is due to the angular  respect to the x —axis, as can be seen in Figure 1).
multistability of the hexagon cross-sectional shape of the CFTs, In Figure 2B we show three different 3D configurations of the
as will be discussed in Section 2.3. CFT obtained theoretically and experimentally by using the cor-
In Figure 2A we show several cross-sectional shapes of the  responding cross-sections and constraints, as given in Figure 2A.
CFTs accompanied with the corresponding lists of constraints  Note that in order to obtain a helical 3D configuration shown in
(in a matrix form), which is somewhat analogous to the decod-  Figure 2B-B1,B2, we need to use circular cross-section with the
ing process of protein molecules for different specific 3D con-  anglesof A= 15.65° X N, N=1, 2, ..., 23. Note that is possible to
figurations. Since, as we show in Section 2.3, preferred bending  reach these bending angles only in the circular cross-section due
directions of the CFTs depend on the cross-sectional shape of the  to the continuity of the bending directions around the circumfer-
CFT, there is a multistability in the angular direction, resulting  ence of the circle.
in 1D structure that has discrete bending and extending states. As we shall discuss later, for the hexagonal cross-section, there
This allows us to define a vector of constraints that, for each re-  exist 6 bending points, namely {A,, By, C, Dy, E;;, Fy} ={30°,
gion of the CFT, contains the following information: the num-  90°, 150°, 210°, 270°, 330°}, and for the four-leaf clover cross-
ber of closed frusta, the cross-sectional shape of the CFT (where  section, there exist four bending points, namely {Ag, -, Bgc, Cric)
we use the notations, H = hexagon, P = pentagon, FLC = four- Dy} = {0°, 90°, 180°, 270°}. The two 3D structures shown
leaf clover, and TLC = three-leaf clover), the bending point of this ~ in Figure 2(B3-B4) and (B5-B6) are only feasible with cross-
cross-section (A, B, C,...), and the number of bent frusta. For ex-  sections with 6 or 4 angular stability points, respectively, such
ample, by the pair (2,7A,;) we mean a region which contains in  as in hexagonal or four-leaf clover cross-sections, since these
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specific angles are required. Note that with the circular cross-
section, it is possible to obtain only an approximation of these
3D structures, as it is further visualized in Figure 2C, where we
show a comparison between 3D configurations obtained by using
a circular and four-leaf clover cross-sections. It can be seen that
while a CFT with the four-leaf clover cross-section yields accu-
rately a curve consisting of 6 edges of a cube (shown in the inset of
Figure 2C), the CFT with the circular cross-section results only in
arough approximation of the same curve. In Figure 2D, we show
a bar chart of the bending direction as a function of the location
along the curve, with the numbers (1)—(6) representing the six
vertices of the cube. The light grey and grey colors correspond to
the four-leaf clover and circular cross-sections, respectively. The
error bar lengths highlight the repeatability of the 3D structure
with the CFT four-leaf clover cross-section, compared to the lack
of repeatability with the circular cross-section. Note that 90° is the
reference angle of the “Bending direction” in Figure 2D as can be
seen in the inset, for the case in which the two “straight” center
lines between the bent parts are perpendicular to each other and
located on the same plane. In the case of the four-leaf clover, we
have four stable bending directions, and when we bend the struc-
ture, the “straight” center lines remain always on the same plane,
as expected and measured. For the circular cross-section, how-
ever, the structure can be rotated about the angular axis, and we
measured the angle between the two planes containing the cen-
ter lines of two bent sections of the bendy straw, which is a bit
less than 10°. The angle between the planes was added or sub-
tracted based on the direction of the plane of the current bendy
straw section relative to the plane of the previous section.

2.1. Fabrication Methods

Here we shall discuss the fabrication process, the repairing proce-
dure, and the rewriting ability of our proposed multi-stable non-
circular structure composed of interconnected multiple bi-stable
frusta. It is known that the bi-stability of a frustum in a multi-
stable structure is achieved through a thin-thick-thin thickness
pattern of the material, see e.g., Qiu et al.l>®! our methodology,
this thickness pattern is achieved by the pre-stress process, which
creates plastic deformations along the longitude direction. A CFT
is fabricated as follows. First pre-stress lines on an elastic tube
are created. This is achieved by inserting a circular engraving
mandrel (with the desired geometric parameters) into the elas-
tic tube (see Figure 3A—A1) and applying the external force (see
Figure 3A-A2). This force causes plastic deformation on the un-
supported grooves along the mandrel. In the second stage, we
create a buckling pattern along the elastic tube by applying com-
pression forces on the elastic tube (see Figure 3A-A3) and thus
the desired CFT (see Figure 3A-A4) is fabricated via a mecha-
nism of elastic instability. The entire fabrication process of a CFT
lasts in average ~1 min (see Movie S1, Supporting Information).

In Figure 3B, we show four different cross-sections of the CFT
which we fabricated in the experiment. Specifically, the CFTs with
the cross-sections of a circle, a pentagon, a three-leaf clover, and
a five-leaf clover are shown in Figure 3B—B1-B4, respectively. In
Figure 3C, we emphasize the simplicity of the repairing proce-
dure, which may take place even after multiple instances of dam-
age. This process comprises of the following two steps: 1) insert-
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ing a buckling mandrel (see Figure 3C-C3) and 2) buckling the
structure several times to repair it (see Figure 3C-C4). Moreover,
note that our multistable structure may be produced in a wide
range of dimensions. To emphasize this, we show in Figure 3D,
multiple length scales of CFT both in the radial direction, span-
ning from centimeter scale down to sub-millimeter scale, and in
the axial direction, spanning from meter scale down to millime-
ter scale. To highlight the difference in length scales even more,
the smallest CFT that we fabricated and a large CFT which is
commercially available, are shown in Figure 3E.

2.2. Mechanical Properties

The mechanical properties of a CFT include geometrical proper-
ties such as the lumen ratio (a ratio between the inner and outer
radii), the bending angle, and the elongation, as well as the ma-
terial properties. The material properties which we examine in
the current study are the threshold pressure, which determines
the structure’s stiffness, and the bending stability. In our case,
the threshold pressure refers to the pressure at which snaps-
through occur. Note that for the circular case the bending sta-
bility is homogeneous along the radial axis and for non-circular
cross-sections it has preferred directions.

In Figure 4 we show four panels corresponding to four differ-
ent frustum static heights h, € {1.5, 1.75, 2, 2.25} mm, where
in each panel the experimentally measured threshold pressure is
plotted versus the frustum width, w € {0.5, 0.75, 1, 1.25} mm. For
all panels, each line in the panel interpolates the experimental re-
sults measured for four different frustum dynamic heights h,
{0.5, 0.75, 1, 1.25} mm (each experiment repeated three times
on different CFTs), where the lowest line represents the smallest
value of h,, increasing as the lines move upwards. In total, we
have fabricated 192 CFTs for this figure, where in all cases, dur-
ing the fabrication process we applied the same force in ambi-
ent temperature to ensure that the threshold pressure of all CFTs
will be dictated only by the geometric properties of the CFT. In all
measurements, the standard deviation of the threshold pressure
measurements is below 0.036 atm.

It can be seen in Figure 4 that the range of the threshold pres-
sure that we measured is from 0.52 to 2.05 atm. Moreover accord-
ing to the figure, the threshold pressure increases approximately
linearly with the geometric parameters (h,, h,, and w).

2.3. Different Cross-Sections and Rewritable Properties

We will first discuss the importance of different cross-sections of
the CFT. Note that when a circular CFT is bent, it does not pos-
sess strong resistance to rotation around the radial axis due to
the homogeneous bending stability. However, the ability to con-
trol the bending stability and its preferred directions are crucial
for precise maneuvers in various applications, such as robotic
arms and growing robots.[**°%°7] More specifically, by using a
non-cylindrical (e.g., hexagonal) buckling mandrel, we can in-
crease the rotational resistance by creating preferred bending di-
rections, thus providing a stiffer structure which is more suitable
for these applications. For example, a CFT with hexagonal cross-
section possesses 6 preferred bending directions, where due to

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Fabrication and repairing process of CFT. A) The production process of the multi-stable CFT which consists of four steps: (A1) placing the
elastic tube on the mandrel, (A2) engraving with the engraving shaft to achieve the pre-stressed pattern, (A3) replacing the engraving mandrel with a
buckling mandrel and compressing the elastic tube with axial forces, and (A4) obtaining the desirable multi-stable CFT. B) Different cross-sections of the
CFT including a circle, a pentagon, a three-leaf clover, and a five-leaf clover, along with their corresponding buckling mandrels. C) The repairing process
starts after the multistability was destroyed (1) and the resulting CFT became unstable (2). This process contains two steps: placing the mandrel into
the tube (3) and buckling by compressing the structure (4). This yields a CFT which is multistable again, whose closed and open states are shown in
(5) and (6), respectively. This loop of destroying and repairing the multistable structure can be repeated multiple times. D) An isometric comparison of
circular CFTs made of different materials and with varying sizes. Each inset corresponds to a magnification by an order of magnitude, highlighting the
size difference. E) The range of CFTs: (E1) the smallest CFT that we fabricated, with an enlarged view, where a human finger provides a scale reference,

and (E2) a large CFT which is commercially available. The scale bars correspond to 10 cm, 10 mm, 1 mm, and 300 um.

non-homogeneous energy landscape, one needs to invest energy
in order to switch from one preferred bending direction to the
next one.

In Figure 5A, we show six different cross-sections: cir-
cle, hexagon, pentagon, three-leaf clover, four-leaf clover, and
five-leaf clover, along with their corresponding bending energy
landscapes. The bending energy landscapes were found by us-
ing a numerical code, based on the bar-and-hinges model of Wo
etal.,*’] where the details of the polar expressions for the circum-
ferences of the various cross-sections are given in Supporting In-
formation. Note that the non-dimensional energy was obtained
according to the transformation E = E/(kt}), where E, E, k, and ¢
denote the non-dimensional energy, the total dimensional energy
(including folding, bending, and stretching energy from the bar-
and-hinges model), the stiffness, and the thickness of the struc-
ture, respectively. The range of the bending angles in Figure 5A
varies from 0 at the center of the structure till a maximum value
of ~12° at the boundary of the bending energy landscapes. The

Adv. Mater. Technol. 2025, 10, 2401113 2401113 (5 0f10)

stars in the figure represent the locations of the lowest local min-
ima of the bending stability and visualize the fact that in all of
the examined cases, except the circle, there are several discrete
preferred directions along which the CFT can be bent. If one
wishes to switch from one preferred direction (indicated by a
star) to the neighboring direction, energy must be invested in
order to overcome the energy barrier that separates the two equi-
librium configurations. Note that different paths, that connect
the two preferred directions, may cross the barrier at locations
that are characterized by different crossing (barrier) energy. Here,
different paths refer to different trajectories in the curvature-
orientation space (radial-tangential directions in the polar plot
of the energy). The minimum barrier corresponds to a saddle
point of the energy landscape, which is an unstable equilibrium
configuration. Interestingly, the minimume-barrier trajectory (the
path that crosses the barrier at the saddle point) must involve
changing the curvature of the CFT (the radius in the radial plot)
together with the orientation. Generally, it can be seen that as

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Experimental measurements of the stability thresholds for different ratios between the (width/heights) dimensions of the circular frustum.
Experimental measurements of the threshold pressure (in atm) vs the width of the frustum (in mm) are denoted by red circles, squares, and triangles
(which denote three repetitions of each experiment, using different CFTs). Each line represents a different dynamic height h; (in mm), with the lowest
line representing the smallest value of hy, increasing as the lines move upwards. The panels correspond to different static heights as follows: A) h, =
1.5 mm, B) h, = 1.75 mm, C) h, =2 mm, and D) h, = 2.25 mm. The top-right part of panel (A) is an illustration of our notations. All experiments were

conducted with the same force of 172 N.

the number of stars decreases, more energy is needed in order
to switch between preferred bending directions. This cannot be
seen in the case of the three-leaf clover, because this simulation
was performed with a different set of parameters, due to the nu-
merical restrictions. An additional observation is obtained when
comparing Figure 5A-A4,A6, a pentagon and a five-leaf clover,
both having 5 stars in their energy landscapes. It can seen, that
when the edges of the cross-section are straight, it is more diffi-
cult to switch from one preferred direction to the next one, than
in case that the edges of the cross-section are curved. In the sec-
ond part of Movie S1 (Supporting Information), it can be seen
that for the pentagon sufficient force is needed to be applied
in order to transit between one preferred bending direction to
another.

Due to the different energy landscapes of the various cross-
sections, it may be advantageous to be able to reshape the
CFT in an easy and fast process even after the initial fabrica-
tion process. In Figure 5B, we demonstrate the rewriting pro-
cess of one cycle in our experiment, where each cycle consists
of three transitions: 1) from a circle to a pentagon, 2) from a
pentagon to a four-leaf clover, and 3) from a four-leaf clover
to the circle. In each reshaping stage, the CFT is buckled sev-
eral times on the corresponding buckling mandrel, until it ob-
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tains the desired cross-section with multistability in the longi-
tude direction. An entire cycle takes ~1 min, making this concept
user-friendly.

An additional aspect of reshaping a CFT is its durability as
a multistable structure, even after multiple rewriting cycles. In
Figure 5C, we show two bar charts. The top chart shows the
threshold pressures for a circle, a pentagon, and a four-leaf clover
for 50 cycles, each containing 3 rewriting stages (as shown in
Figure 5B) and thus resulting in 150 rewriting stages. As it can be
easily observed by looking at the error bars, the number of cycles
has no significant effects on the resulting mechanical properties
and the difference between the smallest and the largest thresh-
old pressure values for all of the cross-sections examined was ~/5
percent. The bottom bar chart displays the bending angle for all
angularly stable configurations of the pentagonal cross-section.
The angle in all stable states was measured 10 times and the me-
dian angular error was found to be only ~0.3°.

In Figure 6, we show the threshold pressure and the relative
thickness versus the applied force during the fabrication process
for various cross-sections, sizes, and materials of the CFT, where
in all cases the geometric parameters of the engraving mandrel
were h; = w = 0.75 mm and h, = 1.75 mm. For the measure-
ments shown in Figure 6A,C we used different materials and

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Rewritable CFTs with different cross-sections: A) Different cross-section CFTs that we fabricated in experiment and their energy landscapes
obtained by simulation using the MERLIN2 software.[*’] In the energy landscapes, the colorbars represent the dimensionless energy, emphasizing the
preferred bending directions. Except for the three-leaf clover in panel (A5) (which has more severe numerical restrictions), all energy calculations were
carried out using the same parameters. The energy is plotted versus the bending angle in polar coordinates, where the stars represent the lowest local
minima in the bent state. B) Demonstration of one cycle in our experiment, where each cycle consists of three transitions: 1) from a circle to a pentagon,
2) from a pentagon to a four-leaf clover, and 3) from a four-leaf clover to the circle. C) Two bar charts representing the structural repeatability. The top
chart shows the pressure threshold (in atm) for three different cross-sections (circle, pentagon, and four-leaf clover) over 50 cycles, with error bars.
Red, green, and blue colors correspond to the pressures measured for a circle, a pentagon, and a four-leaf clover, respectively. On the bottom chart, the
bending angle for all angularly stable configurations of the pentagonal cross-section is displayed. The scale bar in panel (A) corresponds to 1 mm and
the error bars in the bottom chart in (C) have median angular error of 0.3°.

diameters of the CFTs, including: Nylon (with the diameter of 8
mm), Polypropylene (with the diameters of 8, 6, and 4 mm), and
Pebax (with the diameter of 6 mm). For the measurements shown
in Figure 6B,D we used different cross-sections of the CFTs, in-
cluding: a circle, a hexagon, a pentagon, a three-leaf clover, a four-
leaf clover, and a five-leaf clover. As can be seen in Figure 6A,B,
in all cases there exists a local maximum in the threshold
pressure, which is attained for the force in the range between
150 N and 200 N, whereas according to Figure 6C,D the relative
thickness of the CFT monotonically decreases as a function of
the applied force. The local maximum in the threshold pressure

Adv. Mater. Technol. 2025, 10, 2401113 2401113 (7 0f10)

can be explained as follows. Initially, as we increase the force,
we continuously modify the geometry of the CFT to be frusta-
like until it accepts the shape of the engraving mandrel. In this
stage the threshold pressure monotonically increases. After the
CFT reached the shape of the engraving mandrel, continuing to
increase the force will create significant thinning of the material,
weakening the structure as evident in the insets in Figure 6C, and
thus resulting in the threshold pressure reduction. Moreover, as it
can be observed in Figure 6C,D, the relative thickness of the CFT
depends on its material and diameter, but it is independent of its
cross-section.
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Figure 6. Experimental measurements of the stability threshold and the relative thickness versus the applied force for different materials and cross-
sections. Experimental measurements of the threshold pressure (in atm) versus the force applied in the fabrication process (in N) for A) different
materials and tubes’ diameter, as labeled in the figure, and B) different cross-sections, as labeled in the figure. Experimental measurements of the
relative thickness (the thinnest thickness is divided by the natural thickness) versus the force applied in the fabrication process (in N) for C) different
materials and tubes’ diameter, as labeled in the figure, and D) for different cross-sections, as labeled in the figure. An enlarged view of the axial cross-
section of the frustum boundary is shown in insets in panel (C). The scale bars correspond to 0.5 mm.

3. Concluding Remarks

In this study we present a programmable structure that is mul-
tistable in both angular and axial directions, resulting in a struc-
ture capable of achieving specific 3D configurations. In order to
fabricate this unique structure, we propose a novel fabrication
method, which is rapid, simple, and cost-effective, that enables
us to obtain multistable CFTs with circular or non-circular frusta.
Note, that our methodology allows to specify longitudinal exten-
sion and radial bending in discrete “digital” steps that can be spec-
ified by a sequence of symbols. Moreover, as long as the external
forces which are applied during the pre-stress process remain the
same, the process is repeatable with 0.08% error. The same fab-
rication process remains valid for a variety of materials, cross-
sectional shapes, tubes’ walls thicknesses, and radii, thus span-
ning a wide range of material and geometrical properties.
Indeed, the effect of the cross-sectional shape of the CFT on
its multistable properties is drastic. To emphasize this variety,
we have performed numerical simulations that yielded bend-
ing energy landscapes for different shapes, revealing distinct
preferred directions of bending stability. Thus, a cross-sectional
shape of the CFT can be selected in advance, as dictated by the
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specific aims of the application. Moreover, the angular stability
of the cross-sectional shape of the CFT allows to get a uniquely
determined complex 3D configuration in analogy to protein
molecules. The cross-sectional shapes and constraints dictating
the resulting 3D configuration may be determined in advance.
After the CFT is fabricated, it can be rewritten multiple times,
in terms of transferring one cross-sectional shape to another,
where the mechanical properties of the CFT depend only on its
current cross-sectional shape without taking into account the his-
tory of the transformations. The validity of this capability was
demonstrated by reshaping the cross-sectional shape 150 times,
where the threshold pressure for specific cross-sectional shapes
was approximately not affected by the number of transformations
during the rewriting process. Furthermore, according to our ver-
ification, the fabricated CFT can endure thousands of loading cy-
cles without malfunction and by following the same methodol-
ogy as the rewriting procedure, the structure can be easily re-
paired multiple times if damaged, which enables to restore its
multistable properties. All of the above implies that the proposed
rewritable multistable CFTs offer a promising improvement for
controlling the bending stability of the structure, with the abil-
ity to rewrite and tune it as needed. The fabrication method
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proposed in this study for the first time enables the use of versa-
tile multistable structures, relevant for applications such as med-
ical devices (e.g., catheters) and robotic actuation mechanisms,
in which multistable properties are written onto the structure as
needed and can be rewritten or repaired at any moment accord-
ing to the demand.

4. Experimental Section

In this study, a fabrication method for a synthetic form of a linear struc-
ture that can be bent in a programmable way is proposed. This synthetic
structure was based on multistable non-circular CFTs with rewritable prop-
erties. CFTs were fabricated from a variety of materials with differing ge-
ometries and cross-sections using the appropriate mandrels and engrav-
ing shafts. Moreover, it was shown that the CFT can be fabricated in mul-
tiscale dimensions.

Fabrication of Non-Circular Frusta and the Experimental Setup: ~ All of the
mandrels used in this study were printed by using SLA 3D printer (Form
3B+). Moreover, the CFTs shown in Figures 4 and 5 were made of 6 mm
Polypropylene tubes (E = 1.3 GPa). Note that the CFTs were fabricated with
four different dynamic heights and depths of h;, w € {0.5, 0.75, 1, 1.25}
mm, as well as four different static heights of h, € {1.5, 1.75, 2, 2.25} mm.
The number of the bistable elements in each CFT was in the range of 3-25
elements. In all experiments, the CFT was directly connected with an elas-
tic tube to a pressure controller (ELVEFLOW OB1 MK3+), which in turn
was connected to a compressor (CompAir LO7). In all experiments, the
pressure controller was adjusted to [0.33, 2.1] + 0.01 atm and the temper-
ature was kept at room temperature. The other side of the CFT was sealed
with hot glue. All videos were captured in 4K resolution and 60 frames
per second. The bending direction angle in Figure 2D was measured with
an analog protractor, with an accuracy of 0.1°. The protractor was always
placed perpendicular to the plane containing the “straight” center line of
the previous section of the bendy straw, and parallel to the plane contain-
ing the “straight” center line of the current section of the bendy straw. All
panels of Figures 3, 4, and 5 were captured with IPhone 15pro max camera,
whereas the increased view in panel (E1) of Figure 3 was captured with a
digital microscope (LCD ATFWEL).

The CFTs shown in Figures 3 and 6 were made from Polypropylene,
Polyolefin, and medical grade polymers: Polyimide, Nylon Grilamid, and
Pebax 7233. The tubes’ walls thicknesses ranged from 250 to 20 um and
the range of their inner radii was from 7.5 cm to 292 um.
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Supporting Information is available from the Wiley Online Library or from
the author.
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