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ARTICLE INFO ABSTRACT

Keywords: Compliant mechanisms have the potential to be utilized in numerous applications where the
Compliant mechanisms use of conventional mechanisms is unfeasible. These mechanisms have inherent stiffness in
Variable stiffness their range of motion as they gain their mobility from elastic deformations of elements. In

Zero stiffness
Negative stiffness
Twisting beams
Bistable mechanisms

most systems, however, complete control over the elasticity is desired. Therefore, compliant
mechanisms with variable, including zero, stiffness can have a great advantage. We present
a novel concept based on the prestressing of open thin-walled multi-symmetric beams. It is
demonstrated that by changing the prestress on the center-axis of these beams, a range of
variable torsional stiffness can be achieved. For beams with a large warping constant, the
stiffness changes from positive to zero and negative as the prestress increases, while for beams
with a near-zero warping constant, the range of neutrally stable twisting motion increases. A
planar equivalent is shown in this work to elucidate the notion, and numerical and experimental
analyses are performed to validate the prestress-related behavior.

1. Introduction

Compliant Mechanisms (CM) have been developed by researchers to make more efficient mechanical devices that can work in
specific conditions such as vacuum or high temperature [1]. These mechanisms can integrate several functionalities into one system,
leading to lighter and more space-efficient designs. Moreover, due to their monolithic design, these mechanisms are potentially suited
for applications where minimized friction, backlash, and particle generation are important, as well as for applications where, due to
the small sizes, assembly is not viable. CMs are widely being applied to precision devices and even some daily-used products. Aside
from that, there are ongoing investigations into how to transfer the principles of compliant mechanism design to other research fields,
such as soft robotics [2,3], wearable robotics [4-6] Micro Electronic Mechanical Systems (MEMS) [7], morphing structures [8-10],
origami [11], and metamaterials [12]. There are several studies on the design of compliant units that are useful for incorporation
into modular architectures. Examples include linear motion guides [13], constant force generators [14] and prescribed kinetostatic
behavior generators [15-17], bistable units [18,19], twisting elements or revolute joints [20,21].

CMs derive their mobility from the elastic deformation of their elements, which means that normally they have an inherent
positive stiffness in their range of motion. Therefore, to actuate a CM, a certain amount of energy should be added to the system,
which is stored in the material in the form of elastic strain energy. Once the compliant mechanism is not actuated, this energy will be
released to bring the mechanism back to its natural, undeformed configuration. This integration of motion and energy storage into
one element is beneficial for several applications. However, in some applications, providing this energy to move the mechanism in its
intended range of motion is not desirable because the system requires more power for each cycle and the overall efficiency decreases.
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This means that in these applications a range of constant potential energy, or in other words, a range of neutral stability would
be convenient. There are several ways to achieve a range of elastic neutral stability, e.g., utilizing anisotropic materials [22-24],
prestressing the structure either by imposing a constraint [25], or by plastic deformation [26-28], or by introduction of a movable
deformed region [29,30].

In some applications of CM, one or more element(s) have specific functionality, and it is not feasible to remove them and their
inherent positive stiffness. In these cases, it is not possible to change the whole design to make the mechanism neutrally stable
with one of the above-mentioned methods. Therefore, to achieve neutral stability in these cases, a common way is to compensate
the inherent positive stiffness of the system with the exact same negative stiffness from another system to achieve a range of zero
stiffness. Using the negative stiffness to compensate for positive stiffness is widely researched in the literature [31,32], both for
linear negative stiffness [33] and nonlinear negative stiffness compensators [34]. In addition, there are numerous applications in the
literature that require variable stiffness on demand, which means the part with negative stiffness should be able to change its amount
so that the overall stiffness of the system becomes tunable [35]. These applications are ranging from aerospace engineering [36—
38], to medical devices [39,40], wearable devices [41-43], and vibration control [44]. In all these applications, the shared desired
characteristic of having variable stiffness allows them to alter the overall system behavior in a specified direction on demand.

However, looking at these variable stiffness concepts, they are mainly developed for translation motion. There are a few instances
of concepts with a variable rotational stiffness, like the one shown by Zhao [45] or the one shown by Smreczak [46], which are both
based on straight planar flexures that lose their stiffness trough column buckling. There are also a handful of concepts that exhibit
zero or negative stiffness, which have the potential to be developed into variable stiffness systems. Bilancia et al. [47] demonstrated
a zero torque compliant rotational joint that uses prebuckled beams to achieve negative stiffness to compensate for the mechanism’s
positive stiffness. Li et al. [48] presented a torsional negative stiffness mechanism utilizing several thin strips. Schultz [49] presented
an airfoil-like bistable twisting element that was made from two precurved shells connected to each other. Seffen and Guest [50]
further researched similar effects, and later, Lachenal et al. [51] presented a bistable twisting I-beam where the precurved flanges
assembled on the beam’s web to provide a negative stiffness twisting behavior.

In this work, we are introducing two concepts for twisting compliant elements. The first concept can provide variable torsional
stiffness from negative to zero to positive. The second concept can provide on-off switchable torsional stiffness, which changes
the element’s inherent positive stiffness to zero stiffness. Both concepts works based on the fact that as the center axis of a multi-
symmetric thin-walled beam shortens, the outer parts of the beam’s section go under compression. As compression is the stiffest
mode of deformation and requires high elastic energy, the outer parts start to deform in other forms instead, in order to facilitate the
web shortening with a lower overall elastic energy. In one concept where the beam has flanges and a high warping constant, after
the shortening, the beam twists to facilitate the shortening with lower amount of energy. This twist can happen in both directions
and therefore, it is bistable. By changing the amount of shortening, the mechanism’s stiffness varies from its inherent positive to zero
and more negative stiffness. In the other concept, the flanges of the beam are removed. Therefore, the outer parts of the webs start to
buckle under the compression due to the center axis shortening. This locally buckled part of the webs can move along the structure
upon twisting the beam without requiring extra energy, and provides a range of neutral stability. Therefore, the mechanism’s stiffness
switches from the inherent positive to zero upon buckling due to the axial shortening. In this case, by increasing the preload, the
range of motion with zero torsional stiffness increases. These two designs and their effective parameters are explored and modeled
with FEM and experiments. Moreover, a simplified planar equivalent is presented that helps with understanding the principles
behind the concepts.

The paper is structured as follows: In Section 2, an overview of the concept and its principle of working is introduced. Also,
a planar equivalent model is introduced for a better understanding of the beams’ behavior. The definition of effective parameters,
together with the finite element solver and the context of experimental verification procedures, are elaborated in Section 3. In
Section 4 the resulting behavior from the two designs with different preloads are shown. A discussion on the results and possible
improvements are given in Section 5, and the conclusion beside possible applications of these concepts are given in Section 6.

2. Concept overview

The geometry of the concepts is shown in Fig. 1. Both concepts are long, thin-walled extruded beams with transverse slits running
the length of their multi-symmetric webs. These slits allow for shortening of the center axis, implying longitudinal preload. The First
concept Fig. 1(a), also has flanges to enable warping along the structure and the second concept Fig. 1(b) is only made form the
multi-symmetric webs. A center hole is made in both concepts, which makes room for an element, i.e., wire, for preloading and
shortening of the beams.

The working principle of both beams to achieve neutral and negative stiffness under prestress can be clarified by understanding
their total energy states in their twisting range of motion. This energy is depicted in Fig. 1(a) for the beam with flanges. Two minima
can be seen in the range of motion. There is also a peak in between these two minima or stable states. This peak indicates that
the beam is not stable between these two and hence exhibits a negative stiffness. Fig. 1(b), also shows two minima for the beam
without flanges; however, it has a flat energy state in between these two minima. This flat section indicates that for a relatively
large range between its stable states, the beam exhibits neutrally stable twisting motion, i.e., zero torsional stiffness.

Different techniques could be used to contract the web(s) and prestress the mechanism with a displacement to achieve these
behaviors. Here, we employed transverse slits along the web(s) such that a longitudinal displacement along the axis of the beam’s
center could make the beam shorter with less reaction force. These slits and the displacement Ad that causes the longitudinal prestress
are shown in Fig. 1.
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Fig. 1. The geometry of the multi-symmetric beams and their transverse slits are shown together with the qualitative energy — angle graphs of them. The
prestressed beams exhibit two stable twisted forms. (a) The beam with flange (high warping constant) possesses an energy peak between the two minima and,
therefore, bistable behavior. (b) The beam without flange (near-zero warping constant) exhibits a flat energy state and, therefore, neutrally stable behavior

between the two minima.

We also propose another way of understanding the principle of the presented design using a simplified planar equivalent, Fig. 2.
To make this planar representation of the beams, we used a set of parallelograms, where the deviation in edge angles of each
parallelogram from 90° represents the twist in each section of the beam. Therefore, in this model, when the beam is unstressed,
all parallelograms are straight. To represent different stiffnesses of the beam sections in the planar equivalent, two torsion springs
were added to each parallelogram. One is between two perpendicular links of each parallelogram (red springs), which keeps the
parallelogram in its initial rectangular shape. These springs represent the torsional rigidity of the beam’s sections. By increasing this
rigidity, it is harder to twist the beam, which, in its planar equivalent, means that it is harder to make each parallelogram deviate
from their initial rectangular shape. The second spring is positioned between the vertical links of two adjacent parallelograms (blue
springs). These springs maintain the angles of adjacent parallelograms and reflect the ability to transfer twist to the following section
of the beam. By increasing this rigidity, it becomes more difficult to make a sharp transition in the twist angle from one element to
its neighbors. In planar equivalent, it becomes more difficult to make each parallelogram diverge from the angle of its neighbors.
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Fig. 2. The planar equivalent of the beams with the red springs representing the torsional constant, and the blue springs representing the warping constant.
(a) The beam with flanges has a high warping constant and, as a result, exhibits uniform twist. (b) The beam without flanges has a near-zero warping constant
which alows for transition of bent location along its length, and maintains a constant total energy based on Eq. (1). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

This spring stiffness can be related to the beam section’s warping constant. In prior research, we have shown that the warping of
an evenly extruded beam is the primary cause of twist transfer along its length [52]. In Fig. 2(a, b), the torsional rigidity of both
beams is on the same order of magnitude; hence, the red springs are depicted as being sized comparably. However, the beam with
flange has a warping constant that is an order of magnitude more than the beam without flange. Therefore, the blue springs on
beam (a) are considerably more rigid, depicted as being thicker.

Under a vertical displacement A4d, the energy stored in the planar equivalent is the sum of all the energies stored in springs:

n
1
Uiotal = E Z(kred‘-Aei2 + kblue,-A(piz)' 1)
i=1
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Fig. 3. The design parameters of the beams.

In the beam with flanges, the stiffness of the blue springs is significantly greater than that of the red springs; consequently, the
majority of deformation occurs in the red springs when the structure is prestressed to reduce the overall energy. This will result in
the uniform bending to the right or left, i.e., equivalent to a uniform CW or CCW twist angle for the beam. Now, if we attempt to
shift the upper section of the structure horizontally, i.e., similar to twisting the free side of the beam, it will snap into the stable
position on the other side, i.e., equivalent to torsional bistability.

In a similar manner, the beam without flanges initially displays a uniform bend to one side; but, upon horizontal displacement of
the top portion to the opposite side, one of the parallelograms snaps to its inverted stable condition, since it is much less dependent
on the angle of its neighboring parallelograms. As this horizontal displacement of the top portion continues, the number of inverted
parallelograms increases and the point where the tilt angle inverses descends from the top to the bottom. Based on Eq. (1), the
transition between these states requires no additional energy. Therefore, horizontally shifting the top portion of the structure (similar
to twisting the beam between its stable states) goes without change in energy and is therefore neutrally stable. In the actual beam
without a flange, the bent portion of the webs can move along the structure without consuming energy and provides a range of
zero torsional stiffness.

3. Methods

In the following subsections, the effective design parameters of the concept are elaborated. A Finite Element Model (FEM) to
analyze the beams’ behavior in different preloading conditions is presented, followed by an explanation of the experimental setup
for verifying the results.

3.1. Design parameters

The current design’s main principle is based on shortening the center axis of a thin-walled multi-symmetric beam to achieve
neutral- or bi- stability. It will be shown that the amount of shortening improves the captured behavior. Therefore, this parameter
is subject to investigation. However, the design of the web and its dimensions are remaining fixed throughout all results. Therefore,
here we discuss the reasoning behind the selection of this shape and its design parameters.

There are several ways to decrease the compression stiffness of the center axis of the beam in order to achieve local shortening
by implying less stress to the structure, i.e., using non-homogeneous material where the middle part is softer than outer part, or
thickening the webs towards the outside, or making several slits in the center part of the sections throughout the beam, which is
the solution that is used in this work. These slits help the structure to significantly reduce the longitudinal stiffness along the center
axis with respect to the outer parts to allow for shortening. The size and number of these slits (n) are selected based on preliminary
investigation and they are kept the same for all the simulations and prototypes. The effect of using insufficient number of slits is
later explained in Section 5. Other design parameters are all indicated in Fig. 3. These parameters are arbitrarily selected and can
be tuned for different applications and from preliminary investigation they appear to have only a minor contribution to the overall
concept. The web width (w,,) is 20 mm, the flange width (w¢) is 15 mm for the beam with flange, the axial hole diameter (d) is
3.5 mm, the thickness (t) is 0.9 mm all over the beams, the length of the beam (L) is 200 mm, the slit width (w;) is 15 mm, the slit
thickness (t;) is 0.5 mm and the length of each section (L) is 10 mm, with (n = 19) slits along the beams.

The geometry, loading, and constraints are all axisymmetric; therefore, it is possible to reduce the model to only a one-web
structure with axisymmetric constraints, as shown in Fig. 4. This reduces the computational cost, and to match reality, everything
will be multiplied by the number of webs (m). It is important to mention that for spatial stability in a physical prototype, the
number of webs in one beam should not be less than three (m > 3), so that all forces caused by the shortening and bending of each
web can be supported by the two other webs and the structure remains stable. This means that not only three, but any number of
multi-symmetric webs larger than three will work for this structure, as shown in Fig. 4.
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Fig. 4. The axisymmetric constraint simplifies the multi-symmetric beam to a single web. The number of webs (m) on beams must be at least three for spatial
stability.

3.2. FEM

For both set of simulations, only one web from each beam is modeled with axisymmetry constraints similar to Fig. 4 as discussed
in Section 3.1. The beams’ web is constrained in all translations at the axis-point of the grounded side as shown in Fig. 5 and
constrained in X and Y translational directions at the axis-point of the prestressed (actuated) side. To constraint the rotation on
the grounded side of the beam a Y translational constraint applied to the middle point of the web. In addition, a Z rotation match
between the axis-point of the actuated side and the middle point of the actuated side was added.

The simulation includes two steps. First, a longitudinal displacement (4d) is applied to the axis-point of actuated side of the
beams; simultaneously, a rotation (RotZ) is applied to assist its transitioning to a twisted state. The twist angle at the end of the
preloading step was registered as 6. In the second step, a twist angle in the other direction with twice the size of the initial registered
angle, i.e., —26, was applied to the beam and the reaction moment in the axis-point of actuated side is registered to form the moment
— angle graphs of the beams.

For the simulations, the eight-node shell element, shell 281, from ANSYS Parametric Design Language (APDL) is selected as the
constructing element. The material properties are set to be similar to the prototypes material, Nylon (PA12), with Young’s modulus
of 1.7 GPa and Poisson’s ratio of 0.38. A nonlinear solver was used, with minimum 40 steps for preloading depending on the (4d)
and minimum 50 steps for capturing the moment — angle behavior depending on the range of rotation.

3.3. Experimental setup

Two sets of beam with and without flanges are fabricated using multi-jet fusion additive manufacturing method with Nylon
(PA12) as the material, as shown in Fig. 6(a).

The beams are initially prestressed by providing displacement using an M2 threaded rod within the beams’ center axis. This
displacements range from 0 to 4 mm with increments of 1.0 + 0.06 mm for the beams without flange, and 0 to 2.8 mm with
increments of 0.7 + 0.06 mm for the beams with flange. With each degree of prestress, the moment — angle of the beams was
measured using a universal test machine, Zwick Z005, with a separate torque meter module, HBM T20WN as shown in Fig. 6(b).

Similar to the constraints that are implied in the FEM, each of the prestressed beams is clamped on one side to the measuring
point of the machine, and on the other side, a rotation is progressively applied to the actuated side of the webs.

4. Results

Fig. 7 shows the moment — angle graphs of both with and without flange beams. They share the same web dimensions (see
Fig. 3) and the same number of slits (n = 19). The longitudinal preloading in their center axis increases in four steps, as discussed
in Section 3. Fig. 7(a,c) are for the beam without flanges from numerical model and experiments respectively. It can be clearly seen
that the beam has its inherent positive stiffness when no prestress is applied, and upon applying prestress, an increasing range of
zero moments and neutrally stable behavior are achieved. Fig. 7(b, d) show the numerical model and experiment results for the
beam with flanges. These results show that this beam also shows its linear inherent stiffness without preload, and upon 0.7 mm
preload it shows a short range of near-zero stiffness. Finally, a clear bistable behavior, negative torsional stiffness, can be seen upon
1.4 to 2.8 mm of preload.

It is important to note that the beams that are used in experiments have four webs; therefore, to make the results comparable
with the single web with axisymmetric constraint from FEM, the resulting moments from experiments are divided by four, and all
the results are for a single web (beam without flange) or a single web and flange (beam with flange).
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Fig. 5. The constraints on the fixed and actuated sides of the web are shown. An axisymmetric constraint is applied similar to what is shown in Fig. 4 along
the web.
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Fig. 6. (a) The prototypes were made from nylon (PA12) using multi-jet fusion 3D printing and prestressed using threaded rods. (b) The measurement setup
shows the actuating and reaction moment measuring sides of the preloaded beam that is clamped to the machine.

5. Discussion

It is demonstrated that the prestressing of the center axis of an open, thin-walled, multi-symmetric beam can have significant
influence on its torsional stiffness. Both the with- and without-flange beams exhibit two local minima at the ends of their range
of motion following prestressing. The beam with flanges displays an energy peak between these two minima, indicating bistable
behavior, Fig. 7(b) and (d). The beam without flange exhibits a flat energy between the two minima, indicating a neutrally stable
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Fig. 7. The moment — angle graphs of the beams upon different preloadings. (a) and (c) show the numerical and experimental results for the beam without
flange under axial preloads Ad of 0 to 4 mm. (b) and (d) show the numerical and experimental results for the beam with a flange under axial preloads 4d of 0
to 2.8 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

behavior, Fig. 7(a) and (c). In addition, it is demonstrated that both bistable behavior and neutral-stability range can be enhanced
by increasing the beams’ prestress. Consequently, the presented concept can provide a twisting element with variable stiffness that
can achieve negative, zero, and positive torsional stiffness for beams with high warping constant, and a positive and tunable range
of zero torsional stiffness for beams with near-zero warping constant.

A rather large range of zero torsional stiffness motion for the compliant beam without flange and a high bistable energy storage
in beam with flange were obtained by the parameters that are used in this work to demonstrate the functionality of the concept.
These behaviors can be further enhanced to maximize design functionality based on specific requirements of certain applications of
these concepts.

The investigations in this paper show a clear trend between the amount of prestress and the resulting behaviors of the beams,
i.e., peak moment in bistability and range of neutral stability. The exact relation between prestress and the achieved behavior can
be further investigated in future research.

Some design parameters, such as the number of slits, have effects on the overall functionality of the presented concept and
should be carefully selected. In Fig. 8 we have shown that increasing this number will cause a smoother behavior for the twisting
element, and avoid multi-stability due to the snapping of bistable units (parallelograms) along the beams. However, after selecting
a sufficient amount of slits, this effect vanishes and no further investigation is required for it, therefore, it is also excluded from the
results of the current work.



A. Amoozandeh Nobaveh et al. Mechanism and Machine Theory 196 (2024) 105607

Moment [N.m]
o —

1
—

-0.8 -06 -04 -02 0 02 04 06 0.8
Angle [rad]

Fig. 8. The effect of using an insufficient number of slits (n = 7) is shown with a dashed line, and the sufficient number of slits for prototypes and simulations
(n = 19) is shown with a solid line. All other parameters are similar to those described in Fig. 3, and only the number of slits is changed. The results are from
the simulation with the same constraints as Fig. 5.

Fig. 9. Bistable beam’s sectional deformation changes from black to gray upon higher changes in reaction moments.

The experiments and simulations show very similar results and trends, which indicates the validity of the results. There are
small discrepancies that can be due to different effects. To begin with, there are geometrical differences between the model and
the prototype: in the prototype, a hole in the center was added for prestressing the beams; additionally, small fillets were added
between webs and flanges in the actual prototypes to ensure a good connection. The thickness of the prototypes also deviates
+0.05 mm from the model, which can cause differences in the results. Secondly, idealized constraints are applied to the model;
however, in experiments, making these constraints exactly like what we proposed in the simulations is not a viable option. There
are a few details that are different in the constraints of the model with respect to the experiments. Firstly, in the simulation the
prestress is applied exactly in the center axis of the beam. However, it is not feasible in the experiment. Therefore, in the experiment
the prestress is applied to the geometry onto a circular thickening with 10 mm diameter, which is part of the printed geometry, see
Fig. 6(a). Also, there is a difference in the way the rotation is applied to the web in simulation with respect to the experiment. In
the experiment, namely, a cross-shaped clamp holds the webs until about half of their lengths. In the simulation, on the other hand,
there is only a rotation constraint at a location halfway the length of the web. This makes that the way the webs can deform in the
cross-sectional plane is different. At high levels of preload, a sudden change in cross-sectional shape was observed. This change in
shape is illustrated in Fig. 9. This explains the sharper changes in the reaction moment of the simulation results for larger preloads,
see Fig. 7(b). In simulations with lower prestress, preloads 0.7 mm (purple) and 1.4 mm (yellow). This behavior is not strong.
Therefore, smoother changes between positive and negative stiffness were achieved for the bistable beam. Similarly in Fig. 7(a),
for neutrally stable beam a smoother change to a flat part was achieved in the experiments comparing to the simulations, since the
clamping imperfections gave room for webs to have some deformations during rotation, preloads 1 mm (purple) and 2 mm (yellow).

Another observation is the minor asymmetry in the change phase between stiff mode and zero stiffness mode in simulations. This
happened due to the hard convergence and not having sufficient steps during this switch. One can ask then why more steps were
not utilized, and the answer is that we used them. However, we could not achieve convergence at all since zero-stiffness structures
are very hard to control and converge, and the number of steps and controlled nodes should have a close match for convergence.

Another difference can be seen in the stiffness of the beams outside the range of zero or negative stiffness. This is also because of
the differences in constraints; in FEM, the movement of the beam in the longitudinal direction (Z) is free, but in experiments, the side
clamps also partially limit this movement. This makes the structure stiffer in torsion because the twist is coupled with a shortening
in the longitudinal direction. Also, in FEM, the preloading displacement limits the longitudinal movement of the beam’s axis in
both directions. In experiments, however, it is only done by shortening the axis line with a screw, which only limits movement in
one direction. This means that after a certain amount of twist, the beams become short enough to effectively release the preload.
This effect is clearly visible in Fig. 7(c,d) where the purple line matches the linear red line after a certain amount of twist. Another
important observation is that, a rather large hysteresis loop in experiments is captured. This effect is mainly due to the use of nylon
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as the prototype’s material, and this loss of energy due to the internal friction increases as more preload is added to the material.
This internal friction can also help in the case of neutrally stable beam to keep it in certain stable positions and avoid imperfections
to always bring this beam to a specific deformed state. These imperfection in the experiments can cause a preferred inflection point
in the prototypes. However, by having more consistent geometry, the beam can have multiple points of inflection. Lastly, some
small imperfections can be seen in the data from experiments with the neutrally stable beam, Fig. 7(c) red and purple lines. These
imperfections are caused by the random contact between middle threaded rod and the structure of the beam. A simplified planar
equivalent model was presented, based on rigid links and torsional springs, with the intention to improve the understanding of
the effect of the various stiffness components within the design. This illustrative goal could be met even if this model is only of
qualitative nature. It could be useful to also develop a quantitative variant of the model, where the stiffnesses of the spring relate to
the dimensions of the beams, to be used as a design aid in an early design phase. This ambition is put forward as recommendation
for future work.

6. Conclusion

We presented two concepts to achieve variable and switchable torsional stiffness from compliant beams using axial preload. The
method shows that a variable torsional stiffness range from positive to zero and negative can be achieved by changing the preload of
the high-warping-constant beam. It is also demonstrated that by applying the same preload, we can achieve zero torsional stiffness
on a near-zero-warping-constant beam and that by increasing this preload, we can achieve an extending range of twisting neutral
stability.

The method we used here, which is based on shortening the center axis of the beams, can be used in other ways and for other
structures, e.g., wire-frame beam, to control and reduce torsional stiffness. Several techniques, such as thinning toward the center axis
or varying the material stiffness toward the outside of the beam, can be used instead of transverse slits. Additionally, other methods
for creating the high-warping-constant beam section, such as having curved webs, which can even lessen the stress concentration
along the connection of webs and flanges, can also be used.

It is possible to use this element as a part of a larger structure that requires a repetitive simple element, e.g., origami or
metamaterials, and evaluating its support stiffness as a revolute joint by changing design parameters, e.g., increasing the number
of webs (m) for higher support, can be investigated in future works.

Tuning the torsional stiffness of structures and structures with zero stiffness is an important concern across several fields of
research. This concept can be used in several applications where continuous rotation is not required, e.g., flexible medical devices,
soft robotics, wearable robotics, legged robots, bio-mimicking robotics, and shape-morphing structures.
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