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Abstract:
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 three-dimensional (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. We used a numerical model to describe the bending energy landscape of different cross-
sections. Due to the extra accuracy, the proposed reprogrammable 3D shapes of a rewritable one-dimensional (1D)
metamaterial are promising candidates for futuristic robotic systems, complex deployable structures, catheter devices,
and energy absorption and harvesting.
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1. Introduction
Reprogramming a specific 3D configuration using 1D structures is crucial for diverse research fields, ranging from
biological systems, which rely on protein molecules, to various engineering applications, which utilize metamaterials [1,
2, 3, 4]. 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 functionality within the body, including enzymatic activity [5, 6],
structural support [7, 8], transport and storage [9, 10], cellular signaling [11, 12, 13], immune response [14, 15],
muscle movement [16, 17], and gene expression regulation [18, 19]. The evolution of proteins is a complex process
that has taken billions of years [20]. A field of computational protein design aims to automate the design of proteins in
a programmable manner [21, 22, 23, 24, 25], thus making this process shorter and more efficient. Extensive research
focuses on creating and studying proteins, including X-ray crystallography [26], nuclear magnetic resonance (NMR)
spectroscopy [27, 28], cryo-electron microscopy (Cryo-EM) [29, 30], and mass spectrometry [31, 32]. 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 [33], robotic and mechanical systems [34], and hydrogels [35, 36].

This functionality has not been replicated in synthetic systems, which are mostly built from continuous 3D parts
without the ability 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 substrate, by configuring 1D components into 3D structures through a discrete
sequence of operations. This behavior of discrete folding and bending can also be found in multistable structures
such as origami structures, e.g., Miura origami [37, 38] and Kresling origami [39, 40, 41], and shape-morphing
structures [42, 43]. The ‘Bendy Straw’ is another example of a multistable structure, which combines multistability
and inflatability, leading to increasing interest in this structure in recent years. For example, Bende et al. [44] studied
experimentally the multistability of the bendy straw that depends on the geometry and internal stress properties in
bending and extension states. Later, Ilssar et al. [45] 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 of freedom. On a different note, Breitman et al. [46] investigated, both theoretically and
experimentally, the fluid-solid-interaction dynamics occurring in a multistable straw filled with a highly viscous fluid.
The bending stability of this structure with different cross-sections was studied theoretically by Wo et al. [47] who
used a numerical model based on the bar-and-hinges method. An additional study was proposed by Ben-Abu et al. [48]
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 experimentally and theoretically. This
bendy straw has demonstrated promising characteristics in applications such as soft growing structures [49], energy
absorption [50], energy harvesting [51, 52], deployable structures [43], pushing objects [53], and meta-wire which can
be reconfigured rapidly and accurately to arbitrary target shapes [54].

In this work, we propose 1D metamaterial based on multistable corrugated tubes with programmable and rewritable
cross-sections, resulting in a multistable structure with discrete extending, bending, and folding along both the
longitudinal and angular axes. To the best of our knowledge, no previous studies 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 fabrication 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. Furthermore, the cross-sectional shape of a structure can be altered
multiple times without significantly affecting its mechanical properties, which allows for the repair of structural damage
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and rewriting of its multistable properties, thereby enhancing its durability. The fabrication method is based on a pre-
stress process that enables controlled collapse of the tube into a predefined path, yielding a structure with tunable
mechanical properties. To analyze the behavior and performance of the bending stability for various cross-sectional
shapes of the structure, we used a numerical model developed by Wo et al. [47]. With dimensions ranging from
centimeters to submillimeters on the radial axis and meters to millimeters on the longitudinal axis, combined with
various polymers 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 absorption 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
corresponding constraints and cross-sectional shapes of the multistable conical frusta tube (hereafter denoted by CFT).
In Fig 1, we illustrate 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 [49], we performed a simulation which
starts from a closed CFT and a specifically chosen list of constraints (in the matrix form) and yields the desired final
3D configuration. Note that the ability to achieve the particular 3D configurations is due to the angular multistability
of the hexagon cross-sectional shape of the CFTs, as will be discussed in Section 2.3.

In Fig. 2(A) we show several cross-sectional shapes of the CFTs accompanied with the corresponding lists of
constraints (in a matrix form), which is somewhat analogous to the decoding process of protein molecules for different
specific 3D configurations. Since, as we show in Section 2.3, preferred bending directions of the CFTs depend on the
cross-sectional shape of the CFT, there is a multistability in the angular direction, resulting in 1D structure that has
discrete bending and extending states. This allows us to define a vector of constraints that, for each region of the
CFT, contains the following information: the number of closed frusta, the cross-sectional shape of the CFT (where we
use the notations, H=hexagon, P=pentagon, FLC=four-leaf clover, and TLC=three-leaf clover), the bending point
of this cross-section (A, B, C,...), and the number of bent frusta. For example, by the pair (2,7AH) we mean a region
which contains in total 9 frusta with hexagonal cross-section, 2 of which are open and 7 of which are bent in point A
(located at 30◦, with respect to the x−axis, as can be seen in Fig. 1).

In Fig. 2(B) we show three different 3D configurations of the CFT obtained theoretically and experimentally by
using the corresponding cross-sections and constraints, as given in panel (A). Note that in order to obtain a helical
3D configuration shown in (B1-B2), we need to use circular cross-section with the angles of AC ≈ 15.65◦ × N,
N = 1, 2, . . . , 23. Note that is possible to reach these bending angles only in the circular cross-section due to the
continuity of the bending directions around the circumference of the circle.

As we shall discuss later, for the hexagonal cross-section, there exist 6 bending points, namely
{AH, BH, CH, DH, EH, FH} = {30◦, 90◦, 150◦, 210◦, 270◦, 330◦}, and for the four-leaf clover cross-section, there exist 4
bending points, namely {AFLC , BFLC , CFLC , DFLC} = {0◦, 90◦, 180◦, 270◦}. The two 3D structures shown in Fig. 2(B3-
B4) and (B5-B6) are only feasible with cross-sections with 6 or 4 angular stability points, respectively, such as in
hexagonal or four-leaf clover cross-sections, since these 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 Fig. 2(C),
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 accurately a curve consisting of 6 edges of
a cube (shown in the inset of Fig. 2(C)), the CFT with the circular cross-section results only in a rough approximation
of the same curve. In Fig. 2(D), we show a bar chart of the bending direction as a function of the location along the
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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 two-dimensional 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.

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 Fig. 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
structure, the ’straight’ center lines remain always on the same plane, as expected and measured. For the circular
cross-section, however, the structure can be rotated about the angular axis, and we measured the angle between the
two planes containing the center lines of two bent sections of the bendy straw, which is a bit less than 10◦. The angle
between the planes was added or subtracted based on the direction of the plane of the current bendy straw section
relative to the plane of the previous section.
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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.
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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
close 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 µm.

2.1. Fabrication methods
Here we shall discuss the fabrication process, the repairing procedure, 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 multistable structure is achieved through a thin-thick-thin thickness pattern of the material, see e.g.,
Qiu et al. [55]. In 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
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created. This is achieved by inserting a circular engraving mandrel (with the desired geometric parameters) into the
elastic tube (see Fig. 3(A1)) and applying the external force (see Fig. 3(A2)). This force causes plastic deformation
on the unsupported grooves along the mandrel. In the second stage, we create a buckling pattern along the elastic
tube by applying compression forces on the elastic tube (see Fig. 3(A3)) and thus the desired CFT (see Fig. 3(A4))
is fabricated via a mechanism of elastic instability. The entire fabrication process of a CFT lasts in average about one
minute (see Movie S1).

In Fig. 3(B), 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
Fig. 3(B1-B4), respectively. In Fig. 3(C), we emphasize the simplicity of the repairing procedure, which may take place
even after multiple instances of damage. This process comprises from the following two steps: 1) inserting a buckling
mandrel (see Fig. 3(C3)) and 2) buckling the structure several times to repair it (see Fig. 3(C4)). Moreover, note that
our multistable structure may be produced in a wide range of dimensions. To emphasize this, we show in Fig. 3(D),
multiple length scales of CFT both in the radial direction, spanning from centimeter scale down to sub-millimeter
scale, and in the axial direction, spanning from meter scale down to millimeter 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 Fig. 3(E).

2.2. Mechanical properties
The mechanical properties of a CFT include geometrical properties such as the lumen ratio (a ratio between the inner
and outer radii), the bending angle, and the elongation, as well as the material 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 stability is homogeneous along the radial axis, and for non-circular cross-sections it
has preferred directions.

In Fig. 4 we show four panels corresponding to four different frustum static heights h2 ∈ {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 results measured
for four different frustum dynamic heights h1 ∈ {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 h1, increasing as the lines move upwards. In
total, we have fabricated 192 CFTs for this figure, where in all cases, during the fabrication process we applied the
same force in ambient 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 Fig. 4 that the range of the threshold pressure that we measured is from 0.52 atm to 2.05 atm.
Moreover according to the figure, the threshold pressure increases approximately linearly with the geometric parameters
(h1, h2, 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 possess strong resistance to rotation around the radial axis due to the homogeneous bending stability.
However, the ability to control the bending stability and its preferred directions are crucial for precise maneuvers in
various applications, such as robotic arms and growing robots [49, 56, 57]. More specifically, by using a non-cylindrical

Wiley StatsRef 0000, 00 1–16 7 Copyright © 0000 John Wiley & Sons, Ltd.
Prepared using WileySTAT.cls



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

Wiley StatsRef Ezra Ben-Abu

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 3 repetitions of each experiment, using different CFTs). Each
line represents a different dynamic height h1 (in mm), with the lowest line representing the smallest value of h1, increasing as
the lines move upwards. The panels correspond to different static heights as follows: (A) h2 = 1.5 mm, (B) h2 = 1.75 mm, (C)
h2 = 2 mm, and (D) h2 = 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.

(e.g., hexagonal) buckling mandrel, we can increase the rotational resistance by creating preferred bending directions,
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 non-homogeneous energy landscape, one needs
to invest energy in order to switch from one preferred bending direction to the next one.

In Fig. 5(A), we show 6 different cross-sections: circle, 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 using a numerical code, based on the bar-and-hinges model of Wo et al. [47], where the details of the polar
expressions for the circumferences of the various cross-sections are given in SI. Note that the non-dimensional energy
was obtained according to the transformation Ē = E/(kt3), where Ē, E, k , and t 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 structure, respectively. The range of the bending angles in Fig. 5(A) varies from 0 at
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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 [47]. 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 from 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◦.
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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.

the center of the structure till a maximum value of about 12◦ at the boundary of the bending energy landscapes. The
stars in the figure represent the locations of the lowest local minima 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 between the two equilibrium configurations.
Note that different paths, that connect between the two preferred directions, may cross the barrier at locations
that are characterized with 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
minimum-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 the number of
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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
numerical restrictions. An additional observation is obtained when comparing Fig. 5(A4) and (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 difficult to switch from one preferred direction to the next one, than in case that the edges of
the cross-section are curved. In the second part of Movie S1, 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 fabrication process. In Fig. 5(B), we demonstrate the
rewriting process of one cycle in our experiment, where each cycle consists from 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 several times on the corresponding buckling mandrel, until it obtains the desired
cross-section with multistability in the longitude direction. An entire cycle takes approximately one minute, 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 Fig. 5(C), 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 Fig. 5(B)) and thus resulting in
150 rewriting stages. As it can be easily observed by looking on 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 threshold pressure
values for all of the cross-sections examined was about 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 median angular error was found to be only about 0.3◦.

In Fig. 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 h1 = w = 0.75 mm and h2 = 1.75 mm. For the measurements shown in Fig. 6(A) and (C)
we used different materials and 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
Fig. 6(B) and (D) we used different cross-sections of the CFTs, including: a circle, a hexagon, a pentagon, a three-leaf
clover, a four-leaf clover, and a five-leaf clover. As can be seen in Fig. 6(A) and (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 Fig. 6(C) and (D) the relative thickness of the CFT monotonically decreases as a function of the applied
force. The local maximum in the threshold pressure 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 Fig. 6(C), and thus resulting in the threshold pressure reduction. Moreover, as it can be observed in
Fig. 6(C) and (D), the relative thickness of the CFT depends on its material and diameter, but it is independent of
its cross-section.

3. Concluding remarks
In this study we present a programmable structure that is multistable in both angular and axial directions, resulting in
a structure capable of achieving specific 3D configurations. In order to fabricate this unique structure, we propose a
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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 extension and radial bending
in discrete ‘digital’ steps that can be specified 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
fabrication process remains valid for variety of materials, cross-sectional shapes, tubes’ walls thicknesses, and radii,
thus spanning 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 bending 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 specific aims of the application. Moreover, the angular stability of the cross-sectional
shape of the CFT allowing 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 history 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 verification,
the fabricated CFT can endure thousands of loading cycles without malfunction and by following the same methodology
as the rewriting procedure, the structure can be easily repaired 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 ability to rewrite and tune it as needed. The
fabrication method proposed in this study for the first time enables the use of versatile multistable structures, relevant
for applications such as medical 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 in any moment according to the
demand.

4. Materials and methods
In this study we propose a fabrication method for a synthetic form of a linear structure that can be bent in a
programmable way. This synthetic structure is based on multistable non-circular CFTs with rewritable properties.
CFTs are fabricated from a variety of materials with differing geometries and cross-sections using the appropriate
mandrels and engraving shafts. Moreover, we show that the CFT can be fabricated in multiscale dimensions.

4.1. 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 Figs. 4 and 5 were made of 6 mm Polypropylene tubes (E = 1.3 GPa). Note that we fabricated the CFTs with
four different dynamic heights and depths of h1, w ∈ {0.5, 0.75, 1, 1.25} mm, as well as four different static heights
of h2 ∈ {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 elastic tube to a pressure controller (ELVEFLOW OB1
MK3+), which in turn was connected to a compressor (CompAir L07). In all experiments, the pressure controller was
adjusted to [0.33, 2.1]±0.01 atm and the temperature 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 fps. The bending direction angle in Fig. 2D
was measured with an analog protractor, with an accuracy of 0.1◦. The protractor was always placed perpendicular
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to the plane containing the ’straight’ center line of the previous section of the bendy straw, and parallel to the plane
containing the ’straight’ center line of the current section of the bendy straw. All panels of Figs. 3, 4, and 5 were
captured with IPhone 15pro max camera, whereas the increased view in panel (E1) of Fig. 3 was captured with a
digital microscope (LCD ATFWEL).

The CFTs shown in Figs. 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 µm to 20 µm and the range of their
inner radii was from 7.5 cm to 292 µm.

Author contributions: A.D.G., H.L., and E.B.A. conceived the research subject. E.B.A. constructed the
experimental setup and conducted the experiments. Y.V. prepared the theoretical figures of the various 3D CFTs’
configurations. E.F. provided the numerical algorithm for the computation of the energy landscapes and guided A.Z.
and E.B.A. to employ it for the examples shown in the paper. A.Z. and E.B.A. generated the energy landscapes graphs
using this algorithm. E.B.A. analyzed the experimental data. E.B.A., A.Z., S.G., H.L., and A.D.G. wrote the paper.
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