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ABSTRACT

Asymmetric carbon fiber reinforced composites have shown immense potentials in adaptive structure applications
such as morphing airfoils,1–4 and energy harvesters.5 Due to the unidirectional prepregs used for their fabrication
and strongly nonlinear behaviors, these composite laminates can show significantly di↵erent load-displacement
responses along with di↵erent loading directions. Moreover, asymmetric composites can exhibit bistability,
o↵ering a pathway to easily switch between di↵erent mechanical responses. This paper presents two switchable
structure concepts based on asymmetric composites. The first concept exploits two distinct responses in the
[0�/90�] laminates in two perpendicular in-plane directions. Via a simple snap-through, such structure can
switch between sti↵ and compliant. Preliminary experiments show that it can achieve close to 70:1 sti↵ness
ratio between these two configurations. The second concept is a Kresling origami structure fabricated in a novel
way using asymmetric fiber composites and 3D-printed flexible TPU material. Due to the asymmetric layup in
their triangular composite facets, the Kresling structure can switch from a “foldable” configuration to a “locked”
configuration. Axial compression and tension response for foldable and locked configurations are experimentally
investigated. These two case studies suggest that there are still many untapped potentials in the asymmetric
fiber composites for advanced and multi-functional structural applications.
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1. INTRODUCTION

Asymmetric carbon fiber reinforced composites have gained significant interest in the past two decades due to
their lightweight, simplistic design, and most importantly, bi-stability: a unique phenomenon that the composite
can settle into two di↵erent stable configurations without external aids. Such bistability originates from the
internal residual stress developed during curing due to its asymmetric ply layup. Here, asymmetric layup usually
refers to a non-symmetrical distribution of ply configuration about its mid-plane, such as a simple [90�] layer
over a [0�] layer: [90�/0�] laminate. A bistable asymmetric composite can be easily switched from one stable
state to the other through external stimuli; this process is often called snap-through. There have been rigorous
studies done in order to understand how the geometrical parameters of asymmetric composites — such as ply
orientations, initial shape, and ply thickness — influence their overall performance.6–9 Based on the results of
these fundamental studies, asymmetric composite has found applications in many fields such as renewable energy
harvesting structures,9–12 morphing airframes,1,3, 4, 13 and adaptive automobile structures.14

Due to the use of unidirectional carbon fiber reinforced polymers (CFRP) prepregs for fabrication, the
mechanical properties of asymmetric composite laminates become highly dependent on loading directions.7,15–17

It is well understood that stimuli (e.g., mechanical displacement or force) in the transverse, out-of-plane direction
to the laminate could serve as a snap-through load, generating shape change from one stable shape to the other.
Many researches have relied on such out-of-plane transverse loading to understand the laminates’ deformation
characteristics,15,16,18 predicting the deformation behaviours through analytical or simulation approach,6,9, 17

and exploring di↵erent actuation methods.19–22 However, in-plane loading of asymmetric composites generates
far di↵erent responses than the out-of-plane loading. For example, Arrieta et al., in their studies, showed two
drastically di↵erent responses from a multi-patched laminate strip under in-plane loading – a curved shape that
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provides a soft/deformable response and a straight shape that provides a sti↵er response.7 This multi-patched
laminate strip is flattened out at the edges to enhance its embeddability to a morphing wing structure.4

Nonetheless, far-less attention has been dedicated to the in-plane loading response of asymmetric compos-
ites despite the promising application potentials. More importantly, innovatively integrating and loading the
asymmetric laminates can foster new multi-functional structural systems that can switch between fundamen-
tally di↵erent behaviors. To this end, this study exploits the in-plane loading behaviors of asymmetric CFRP
laminates to achieve switchable performance in two di↵erent structures — one switching between two di↵erent
sti↵ness modes and the other switches between two di↵erent deformation (or morphing) modes.

The first example is a sandwich structure consisting of three asymmetric laminates stacked parallel and
assembled with two end plates. A simple snap-through process can switch the curvature of the load-bearing
laminates. As a result, this sandwich structure can switch between sti↵ and compliant configurations.

The second example is a deployable structure inspired by the Kresling origami pattern. By integrating
asymmetric laminates into the Kresling’s facets, we introduce a locking feature through the help of bistability:
The Kresling facets can buckle outwards, resisting any change to its shape. As a result, the Kresling can switch
between a foldable configuration and a locked configuration with significantly higher load-bearing capacity.

High strength-to-weight ratio, directional sti↵ness, and reliable bistability23 of asymmetric laminates can
advance the field of adaptive structures that are lightweight, rapidly manufactured, and easy to use. The
switchable modes introduced by the new structures – one allowing the sti↵ness switching, and the other morphing
capability switches – can add new functionalities to the asymmetric composites. Moreover, the switching between
the two modes is a product of the bistability nature of these laminates, so no external aids are required to maintain
their switched state. Hence, the results of this study open new avenues towards exploiting the potential of bistable
CFRPs to advance and enrich the functionalities of adaptive structural systems for many di↵erent applications.

2. CASE STUDY 1: SWITCHABLE DUAL-STIFFNESS SANDWICH STRUCTURE

By a simple construction, we assemble asymmetric and bistable CFRP laminates to create a sandwich structure.
This structure features two endplates that provide the basis for testing the overall compression responses in two
distant configurations – “sti↵” configuration and “compliant” configuration (Figure 1). The sandwich structure
provides a significant sti↵ness variation by a simple snap-through process. In this case study, we discuss the
construction of the proposed sandwich structure, finite simulation for determining the optimal connection between
composite laminate and endplates, and proof-of-concept experiments showcasing both sti↵ness characteristics.

Figure 1: The sti↵ and compliant configurations of the sti↵ness switchable structure. Here, we use both finite element

simulations and experimental images to demonstrate the working principle.
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2.1 Design and Construction:

Figure 2 illustrates the overall design and working principle of the dual-sti↵ness sandwich structure. The asym-
metric laminates at the core of this structure can settle into two distinct stable states corresponding to the sti↵
and compliant configuration. The di↵erence in the overall structural sti↵ness originates from the change of these
laminate’s curved shapes between their two stable states.

We use asymmetric square laminates of [0�/90�] fiber ply arrangement and 100mm⇥ 100mm dimension – a
classical design considered in many previous studies.15,24 These laminates are made from Grafil TR50s carbon
fibers prepregs with Newport 301 resin, and they are cured in an industrial oven at 135�C using the vacuum
bagging technique. The fabrication processes are detailed in the authors’ previous paper.24 Table 1 summarizes
the constitutive material properties.

To construct the switchable structure, we attach the square laminates in parallel to two end plates, which can
bear the external loads and provide the necessary boundary conditions for these laminates (Figure 2). The end
plates are precisely 3D-printed using black Nylon material in the Ultimaker Cura S5 printer. Figure 2(B) shows
the detailed geometry of these end plates, which feature small rectangular extrusions with adequate thickness
and a hole in the middle. Via bolted connection (small 2-56 sized bolts), the asymmetric laminate is carefully
fixed to these small rectangular extrusions so that their upper and lower edges rest on the end plates’ surface
without any localized buckling near the bolted connection. We use finite element simulation to determine the
appropriate size of these extrusions and the corresponding hole position for laminate-end plate connection, as
detailed in the following sub-section.

2.2 Finite Element Simulation

The finite element simulation is carried out in ABAQUS CAE2020 using the Static General module. We mesh
the square geometry of the laminates using 3D-deformable S4R shell elements with a mesh size of 2.5mm. The
laminate’s geometry has holes at the mid-point of two opposite edges (top and bottom), connecting to the
extrusions on the end plates. The end plates are modeled as rigid bodies, and the contact between the laminates’
edges and the end plates’ surface is defined using two properties: Normal Behaviour = “Hard Surface” and

Figure 2: The overall design and construction of the dual sti↵ness switchable structure. (A) The mesh geometry for the bistable

square laminate, showing the two holes for bolt connection with the end plats. (B) 3D-printed end plate. (C) The overall

construction of the switchable structure and di↵erent boundary conditions used in the finite element simulation. (D) The

influence of “h” — distance between the connecting holes and top (or bottom) edge — on the curvature of the laminate after

snap-through.
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Tangential Behaviour = “Frictionless,” representing a perfect contact condition. The laminate and the end
plates’ small rectangular extrusion are bonded using the Tie constraint.

Finite element simulation involves three steps. The first step simulates the curing of laminates to sti↵
configuration. In this step, the laminates are heated to 135�C first and cooled down to room temperature at
20�C. They then stabilize to a curved stable configuration, shaped like a curved wall. The second step simulates
the snap of the asymmetric laminate to the compliant configuration. At this step, we apply su�cient transverse
displacement to the center points of all laminates (Figure 2(c)), snapping them to the other stable state. The
third step involves “Free Damping.” All the laminates are relieved of any external displacements and loads to
double-check whether the sandwich structure can remain at the compliant configuration.

We find that the position of connection holes on the laminate significantly a↵ects the structures’ switching
behaviors between the sti↵ and compliant configurations. In Figure 2(a), “h” in the mesh geometry refers to
this position of connection holes. As the two holes approach the laminate’s center, the asymmetric laminates
become flatter at their compliant configuration. This phenomenon could be observed in figure 2(D). Here, we
place the tie constraints at 5mm, 10mm, 15mm, or 20 mm away from the top or bottom laminate edges as the
possible positions of the connection hole. By comparing these finite element simulations, one can conclude that
the connecting hole’s optimum position is 5mm for several reasons. First, the laminate retains the desired curved
shape at the compliant configuration, ensuring stronger bistability and a higher variation in sti↵ness. Secondly,
the 5mm distance from the laminate’s edge is su�cient to prevent fibers damage or localized material weakening.
Third, 5mm distance o↵ers the minimum resistance to laminates’ shape changes so that the structure can be
switched easily between two stable states. Finally, due to manufacturing imperfection, the laminate’s top and
bottom edges may not be fully in contact with the end plates. This means that these connection points will
transfer a significant part of the applied load to the central portion of the laminates. Hence, a larger distance
between the connecting holes and laminate edges means that a smaller portion of the laminate has to bear
external load, which might increase the chances of early structural failure.

2.3 Experimental Method

Based on the optimal designs obtained in the finite element analysis, we constructed a proof-of-concept prototype
and measured the force-displacement curves at their sti↵ and compliant configurations. In these tests, we fix the
lower end plate of the sandwich structure using bolts to the base plate of the ADMET eXpert 5061 universal
testing machine. The upper end plate connects to the load cell (S-type with a maximum range of 25lbs or
111N) and is compressed with a fixed displacement rate of 0.5mm/sec. In this study, the snap between sti↵ and
compliant configurations is achieved manually.

2.4 Results and Discussion

The central graph in the figure 3 summarises the responses from two configurations, and the di↵erence between
these two is characterized in terms of fitted sti↵ness within various loading regions. Asymmetric composite
laminates act like thin walls with a curved shape in the sti↵ configuration. Their fiber plies, which have fibers
aligned with the loading direction, take up a significant load until buckling. Hence, the response shows a sti↵
behavior in that the reaction force reaches approximately 111N (the maximum limit of the load cell) at a
displacement less than 2.5mm. We observe two regions in the sti↵ force-displacement curve that show a linear
trend and calculate the corresponding sti↵ness: The first linear region ranges from 0.65mm to 1.24mm, with a
magnitude of 85N/mm. The second linear trend is observed from 1.80mm to 2.13mm of displacement, with a

Table 1: Constituent material properties of Grafil TR50s carbon fibres with Newport 301 resin carbon composite prepregs

and thickness = 0.117mm. Ei and Gij are the elastic modulus (unit of GPA). ⌫ is the Poisson’s ratio. ↵ij are the thermal

coe�cients of expansion (unit of
�
C
�1

).

Property Value Property Value Property Value
E1 140 G12 5 ↵11 �2⇥ 10�8

E2 9.4 G13 7.17 ↵22 2.4⇥ 10�5

⌫12 0.3 G23 3.97 ↵33 2.4⇥ 10�5
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Figure 3: Dual sti↵ness response of the structure showing the reaction load (in N) vs displacement (in mm). The red line shows

the estimated slope of the initial part of the curve and the two data points are used to estimate this slope, or sti↵ness.

sti↵ness magnitude of 165N/mm. The two linear regions in the sti↵ force-displacement result from manufacturing
imperfections at the boundary edges of the laminate. In the first linear region, only a single laminate is in contact
with the top and bottom end plates. Once this laminate buckles, the other two laminates come in contact with
the end plates, providing a higher sti↵ness response as indicated by the second linear region. Indeed, one can
see that the fitted sti↵ness in the second linear region is nearly two times that of the first region. Nonetheless,
our future study will improve the fabrication accuracy to avoid this inconsistent buckling.

When the structure switches to the compliant configuration, the asymmetric composite laminates buckle
and deform like compliant springs with much lower resistance to the external force. In this configuration, the
experimentally measured reaction force is lower than 18N, even at a considerable top end plate displacement at
20mm. The sti↵ness for compliant configuration, calculated in the initial linear response range, is 2.4N/mm.
Therefore, a high sti↵ness ratio transition of ⇡ 70 : 1 is achievable. This sandwich structure shows immense
promise in lightweight systems that demand sti↵ness control for morphing and suggests more research to prescribe
this sti↵ness change ratio as a function of its geometry and construction.

3. CASE STUDY 2: SWITCHABLE KRESLING ORIGAMI STRUCTURE

Kresling origami originates from the buckling and collapsing of a cylindrical shell under compression,25 and it
has found many applications in deployable structures26,27 and robotics.28,29 In this case study, we evolve the
Kresling origami by integrating the asymmetric composite bistability with its traditional design, creating a new
structure that can switch between a “foldable” configuration and a “locked” configuration.

3.1 Design and Fabrication:

The new Kresling structure consists of three main components: (1) a Kresling skin made of 3D-printed soft TPU
material, (2) end plates made from sti↵ Nylon material (also 3D printed), and (3) triangular-shaped asymmetric
laminates made from the above mentioned CFRP prepreg. The Kresling skin (Figure 4(C)) serves as the skeleton
of this structure. Its flexibility allows it to fold and unfold easily, generating the creases in the traditional Kresling
origami design. These skins have triangular cavities in their facets to accommodate the asymmetric laminates, as
well as five holes on the top and bottom to connect to the end plates. In this case study, we select L = R = 60 mm
as the side length of the regular hexagonal base, the angle ✓ = 60�, and angle fraction � = 0.8 (Figure 4 (A)).
Each end plate is an assembly of two components: the outer plate and inner plate (Figure 4(D)); the inner plate
has teeth on its periphery that slide into the holes on the outer plate, locking the relative motion between the
two. Finally, asymmetric two-ply laminates are added to the triangular-shaped cavities in the Kresling skin.
These laminates all have one fiber ply layer aligned in the crease direction and the other in the corresponding
perpendicular direction.

To fabricate the Kresling origami, we first assemble its facets by attaching uncured laminate prepregs to the
3D printed kresling skin, then oven-cure the facet assembly using the same vacuum bagging techniques. The
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Figure 4: Switchable composite Kresling structure: Design parameters and fabrication

cured Kresling facets are installed, via the holes on the skin, in between the two components of the endplates
(refer Figure 4(B), where the enlarged image show the end plate assembly and the TPU skin installed in between
the plates). We ensure that the Kresling facets are buckled outwards in this assembly process. Finally, the two
parts of the endplates are glued together with spray adhesive.

3.2 Testing Results and Discussion

Once assembled, the Kresling structure is evaluated for its switchable behavior between foldable and locked
configurations. More specifically, the assembled Kresling can stabilize itself in either a foldable State-1 or locked
State-2 as shown in Figure 5(B). At the foldable State-1, the Kresling’s side facets curve inwards, and its creases
carry most of the external load. As a result, we can apply only a small axial force to fold the Kresling into a
collapsed configuration, where all creases are folded to their maximum. We refer to this collapsed configuration
as State-0 in Figure 5(B). Such folding (and twisting) from State-1 to 0 is consistent with the kinematics of
traditional Kresling origami design. Once the external force is released, the Kresling quickly unfolds itself and
returns to State-1.

To measure the compression force-displacement relationship of the Kresling at foldable configuration, we use
the same Universal Testing machine mentioned in Section 2.3. A custom-made, free-rotating platform is installed
on the tester machine to accommodate the Kresling’s twisting during folding. The green-colored loading cycle
shown in Figure 5(A) shows the response in foldable configuration between State-1 and 0. The State-1 is at the
leftmost point of this cycle (⇠ -50mm displacement), and the State-0 is at the right-most (50mm displacement).
Therefore, the total stroke of the foldable Kresling is near 100mm. More importantly, besides a slight increase
in reaction force near the State-0 (the slight increase in sti↵ness could be attributed to the folded kresling sides
coming in contact at the end profile of the test and providing a small compression resistance), the foldable
Kresling shows minimal resistance to external load.

In contrast to foldable State-1, the Kresling structure shows fundamentally di↵erent kinematic behaviors in
the locked State-2. In this locked configuration, the side facets curve outwards, so the Kresling will not fold
and collapse under compression load. Instead, the facets bend outwards so that the sti↵ composite laminates,
rather than the soft crease materials, carry most of the external load (Figure 5(B)). We can switch the Kresling
from foldable State-1 to locked State-2 by simply twisting its end plates in the opposite direction to the folding-
induced twisting direction. However, the reverse twist would not switch the locked Kresling back to its foldable
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State-1. This unique locked configuration and the corresponding switching behavior originate from the internal
stress embedded in the asymmetric composite laminate facets.

Figure 5: Switching behavior and potential applications of the composite Kresling origami. (A) Experimentally measured

force-displacement curves of the Kresling in foldable (green) and locked (blue) configurations. (B) The Kresling origami at

three di↵erent states – State-0 fully collapsed state, State-1 expanded but yet foldable where the kresling sides are still buckled

inwards, and State-2 showing fully locked module that resists to fold. (C) A conceptual demonstration of the Kresling-based

growing robotic trunk.

Moreover, the locked Kresling o↵ers significantly higher loading bearing capacity upon compression. The
blue loading cycle in Figure 5(A) shows the response at the locked configuration. The Kresling supports almost
60 times its own weight (⇡ 200 grams) during the compression test, with only 40mm displacement.

A promising application of the switchable Kresling structure is a “Kresling-based growing robot.” The idea
is to assemble various Kresling modules into a robotic trunk and mimic plant-like growth behavior by exploiting
their (un)folding and locking behaviors. Figure 5(C) demonstrates a preliminary example of such a growing
robot, where four Kresling modules are axially connected. We label the configurations of this robot using a
simple naming scheme: If a Kresling module is at the fully-folded (or collapsed) State-0, the associated number
is “0.” If the module is at its unfolded (extended) State-1 without locking, the corresponding label is “1.” Finally,
if the module is at the fully extended and locked State-2, we label it by “2.” For example, the second image
in Figure 5(C) is labeled as 0002 because the first module at the base is fully extended and locked. Therefore,
one can mimic the irreversible plant growth by activating the Kresling module from the fully compressed State-0
(before growth) to extended State-1 (during growth) and finally to locked State-2 (growth complete). In the fifth
and sixth image in Figure 5(C), we set the second module from the base at State-1, which has some bending
flexibility for robotic maneuver. It could be swiveled 360�to search the appropriate direction for the robot to
grow. Here, we show two directions with respect to the viewpoint – left denoted as ‘L’ and right denoted as ‘R’.

4. SUMMARY AND CONCLUSION

Asymmetric carbon fiber reinforced composite has shown great potential as a building block of multi-functional
structural systems because of its bistability – a phenomenon that the composite can settle into two distant
stable configurations. Moreover, since the asymmetric composites consist of unidirectional carbon fibers, their
mechanical properties become highly directional and switchable. While the composite’s behaviors under out-of-
plane loading have been well studied, their response to in-plane loading remains an open question. Therefore,
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we present two case studies of switchable structures by exploiting the unique in-plane responses of asymmetric
composites.

Case study 1 elucidates that loading the asymmetric laminates in their in-plane directions could generate two
significantly di↵erent sti↵ness responses – sti↵ and compliant – and the sti↵ness is switchable through a simple
snap-through of the laminates. To illustrate the potential of such sti↵ness variation, we proposed a sandwich
structure design consisting of three asymmetric and bistable laminates, each of which fixed to two 3D-printed
end plates using bolted connections. In preliminary experiments, this structure provides a sti↵ness variation
ratio of ⇡ 70 : 1, and the results suggest promising potentials for further performance improvement.

In case study 2, we propose an innovative idea of adding a locking feature to the Kresling origami design by
introducing the bistable nature of asymmetric composites. Kresling traditionally shows a twisting and collapsing
behavior during folding. However, one could introduce asymmetric composites to its side triangular facets.
The internal stress from these composites could buckle the facet outwards, creating a locking e↵ect that no
longer allows folding. Hence, we observe a kinematic switching in the structure’s morphing capability (modes).
Therefore, introducing asymmetric composites to origami/kirigami could resolve the challenges of maintaining
the folded shape without any external aid. Finally, we demonstrate the potential of such a folding-locking switch
via a plant-inspired, growing robotic branch concept.

Overall, the results of this study open new avenues towards exploiting the in-plane response of bistable CFRPs
to advance and enrich the functionalities of adaptive structural systems for many di↵erent applications.
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