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Abstract
State-of-the-art morphing materials are either very compliant to achieve large shape changes
(flexible metamaterials, compliant mechanisms, hydrogels), or very stiff but with infinitesimal
changes in shape that require large actuation forces (metallic or composite panels with
piezoelectric actuation). Morphing efficiency and structural stiffness are therefore mutually
exclusive properties in current engineering morphing materials, which limits the range of their
applicability. Interestingly, natural fish fins do not contain muscles, yet they can morph to large
amplitudes with minimal muscular actuation forces from the base while producing large
hydrodynamic forces without collapsing. This sophisticated mechanical response has already
inspired several synthetic fin rays with various applications. However, most ‘synthetic’ fin rays have
only considered uniform properties and structures along the rays while in natural fin rays,
gradients of properties are prominent. In this study, we designed, modeled, fabricated and tested
synthetic fin rays with bioinspired gradients of properties. The rays were composed of two
hemitrichs made of a stiff polymer, joined by a much softer core region made of elastomeric
ligaments. Using combinations of experiments and nonlinear mechanical models, we found that
gradients in both the core region and hemitrichs can increase the morphing and stiffening
response of individual rays. Introducing a positive gradient of ligament density in the core region
(the density of ligament increases towards the tip of the ray) decreased the actuation force required
for morphing and increased overall flexural stiffness. Introducing a gradient of property in the
hemitrichs, by tapering them, produced morphing deformations that were distributed over long
distances along the length of the ray. These new insights on the interplay between material
architecture and properties in nonlinear regimes of deformation can improve the designs of
morphing structures that combine high morphing efficiency and high stiffness from external
forces, with potential applications in aerospace or robotics.

1. Introduction

Engineering morphing materials can undergo rad-
ical shape change without complex mechanisms,
offering attractive properties and functionalities for
application in soft robotics [1], medical devices [2],
automotive [3], aerospace [4], tissue engineering [5],
and food manufacturing processes [6]. Examples
of morphing materials include hydrogels [7],

shape memory polymers/alloys [8], kirigami [9],
hygromorphs [10], liquid crystal elastomers [11],
smart piezoelectric composites [4], and mechan-
ical metamaterials [12]. Despite rapid advances in
the development of these materials, they still suf-
fer from trade-offs between morphing compliance
and structural stiffness: morphing materials based on
hydrogels or elastomers undergo large shape change
with low actuation force, but they cannot carry large
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Figure 1. Key features in individual fin rays: (a) fish fins combine high morphing efficiency and high stiffness from external loads,
two properties that are mutually exclusive in engineering morphing materials. (b) Typical fins in ray-finned fish and internal
structure of the fins; (c) fish can change the shape of their fins from actuation by base muscles. The set of pictures shows an
individual ray from a fish fin harvested from Atlantic salmon (Salmo salar) that is ‘morphed’ by applying push/pull forces
manually.

external forces [5, 13]. On the other hand, morphing
materials based on metals or carbon fiber-reinforced
composites are much stiffer, but they require lar-
ger actuation forces for relatively small morphing
amplitudes [14, 15] (figure 1(a)). The ideal morphing
material should simultaneously offer morphing com-
pliance and structural stiffness. Nature abounds in
examples of morphing materials, which can serve as
inspiration for new designs and morphing strategies
that potentially overcome this trade-off [16–19]. Fish
fins are notable natural ‘stiff ’ morphing materials.
Fish fins are semi-flexible membranes which contain
no muscles, and as a result they are often thought
of as passive swimming surfaces which are simply
‘flapped’ for propulsion (caudal fin) or passive sta-
bilization (dorsal fins, pectoral fins). Fish fins are
in fact much more sophisticated systems: they dis-
play large morphing amplitudes, combined with high
stiffness from external loads (hydrodynamic forces),
fast response times and actuation from the base only
to finely tune hydrodynamic interactions and to
generate powerful forces in three dimensions [20].
Fish fins ‘probably represents the most elaborate and
refined adaptation to efficient interaction with water
that has ever evolved’ [21] and as such, they can serve
as models for the design of new morphing materials.
Individual fish fins are composed of a collagenous
membrane stiffened by 10–30 beam-like structures
called rays. Each ray has a diameter in the order of
∼100 µm with a tapered profile and aspect ratio

>100 (figure 1(b)). The rays are composed of two
bony layers called hemitrichs composed of ∼300 µm
long bony segments. In each ray, the two hemitrichs
are connected by a ‘core’ region composed of colla-
gen fibrils embedded in a ground gel-like substance.
A remarkable feature of fish fins is that their curvature
can be radically changed solely bymuscular actuation
from the base of the rays (figure 1(c)). Push/pull
actuation induces shear deformations in the core
region, while rotations at the base are prevented by
the configuration of the tendons and by a cartilagin-
ous pad at the base of the fin. The shear deformation
imposed at the base induces competition between
the flexural deformation of the hemitrichs and the
shear deformation of the core, generating flexural
deformations over a long distance over the length of
the ray [20, 22–24]. There is a fine balance between
the flexural stiffness of the hemitrichs and the shear
stiffness of the core, so that the morphing of indi-
vidual rays involves flexural deformation distributed
over the entire length of the ray. Our recent study on
individual rays from Rainbow Trout (Oncorhynchus
mykiss) has shown that the hemitrichs are 3–4 orders
of magnitude stiffer than the core region, and that
nonlinear mechanical models are required to cap-
ture the large deformations and large rotations of
individual rays [25].

Fish fins have inspired numerous syntheticmater-
ials and structures, for example, 3D printed resin
based segmented composite beams [26], propulsion
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systems for autonomous underwater vehicles (AUVs)
[27–30], and soft robotic grippers [31–34]. In addi-
tion, fish-like robotic systems based on different types
of fish [35–38] and aquatic-aerial vehicles [39–41]
have been developed. We have recently designed, fab-
ricated and tested fin ray-like morphing beams with
polymethyl methacrylate (PMMA) hemitrichs con-
nected with elastomeric ligaments [42] which duplic-
ated the morphing and stiffening mechanisms of nat-
ural rays, and which showed the importance of the
fibrillar structure of the core region. However, while
morphing beams inspired from fin rays can duplicate
some of their keymechanisms, their structures pale in
comparison to the sophisticated morphology of nat-
ural rays (figure 1(b)). For example, ray-like synthetic
structures typically duplicate the tapered geometry of
natural rays [33, 42], but the mechanical properties
of the individual hemitrichs and of the core region
are uniform along the length of the ray. Natural rays,
on the other hand, display gradients of properties in
the hemitrich, their cross-section decreasing towards
the end of the ray [20, 25, 43]. While there are no
direct measurements of gradients in the core region,
the density of the collagen fibrils may vary along the
length of natural rays, whichwould also affectmorph-
ing and stiffening properties. Gradients of properties
and structures are indeed common in natural mater-
ials and they have critical implications in terms of
functionality and mechanical performance [44–48].
For this study, we hypothesized that gradient in struc-
tures and/or properties along the ray contribute to
enhancing their morphing and stiffening perform-
ance. To explore this hypothesis we designed, fabric-
ated and tested synthetic rays with different combin-
ations of graded properties. We then used the experi-
mental results, in combination with non-linear finite
element models, to assess the benefits and limita-
tions of graded properties in ways which are not pos-
sible from studying natural fin rays only, and which
suggest enhanced designs for fin-inspired morphing
structures.

2. Synthetic fin ray design and fabrication

In this study, we designed, fabricated and tested syn-
thetic fin rays with the overall dimensions shown
in figure 2. The hemitrichs were fabricated from
0.5 mm thick polymethyl-methacrylate (PMMA,
Rowmark, OH, USA) sheets, with a measured flex-
ural modulus Eh = 1 GPa. The individual hemitrichs
were laser cut from the sheet using an 80 W
CO2 precision laser cutter (Nova35, Thunder Laser
Systems, TX, USA), and dimensions were then veri-
fied using an optical microscope (Leica DM2700
M). The dimensions of the uniform hemitrichs were
L = 200 mm × w = 21.5 mm × th = 0.5 mm. A
wider region was added at the base of each hemitrich
for clamping to the mechanical testing platform. The

core region was designed as an array of rubber liga-
ments to duplicate the structure of the collagen fibrils
in natural fin rays. This structure was laser cut from
1.6 mm thick rubber sheets (RubberCal, CA, USA)
with a measured tensile modulus Er = 1.52 MPa. For
this study, we varied the density and arrangement of
the ligaments, but their individual cross-section was
maintained at 1.6 mm by 1.6 mm for all designs.
The two hemitrichs were first manually assembled
and glued with cyanoacrylate near their ends to a 5◦

PMMAwedge, and the core regionwas thenmanually
glued between the hemitrichs. This provided a robust
method to produce synthetic rays with a 5◦ taper that
duplicated the taper of individual natural rays.

The design shown in figure 2 has uniform
hemitrichs (the cross-section of the hemitrichs is uni-
form) and a uniform core (the spacing between the
ligaments is uniform), which served as the reference
for this study. We then enriched this design with
combinations of graded properties in the hemitrichs,
and graded properties in the core region as shown
in figure 3. To introduce graded properties in the
hemitrichs, we tapered their width, usingw= 40 mm
at the base and w = 3 mm at the tip of the ray.
These dimensions were chosen so that the volume of
the individual uniform and tapered hemitrichs were
identical (2150 mm3). The process of tapering the
hemitrich from the uniform reference could, there-
fore, be interpreted as ‘moving’ material from the
end region to the base region, with the total volume
kept constant. This ‘constant volume’ approach was
important sowe could focus on the effect of gradients.
Changing the total volume of the hemitrichs across
different designs would bias the comparison because
the volume of the individual hemitrichs also affects
their stiffness.

The other design enrichment we considered was
a non-uniform, graded spacing of the ligaments. The
total number of ligaments was maintained at 17 for
all designs, but their density (and spacing) was mod-
ified by either making them closer near the base of
the ray and more spaced near the end (generating a
negative gradient of ligament density), or by mak-
ing them closer near the end of the ray and more
spaced near the base (generating a positive gradient
of ligament density). Figure 4 shows examples of rays
with uniform and graded core regions. These uni-
form and graded core designs were used in combina-
tion with uniform hemitrichs and tapered hemitrichs
(figure 3). The numbers of ligamentswe considered in
the design ranged from 13 to 23 (13, 15, 20 and 23).
Designs with less than 13 ligaments were mech-
anically unstable: under morphing loads or trans-
verse loads, the hemitrichs buckled because of lack
of transverse support. On the other hand, designs
withmore than 23 ligaments resulted in poormorph-
ing, with deformations concentrated near the base
of the ray.
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Figure 2. Overall design and dimensions of the synthetic fin rays used in this study.

Figure 3. Table showing the six different combinations of ray designs we considered for this study.

Figure 4. Three different arrangements for the ligaments we considered in this study: (a) uniform ligament spacing; (b) negative
core gradient (the density of ligament decreases towards the tip of the ray); (c) positive core gradient (the density of ligament
increases towards the tip of the ray). The total number of ligaments (17) is held constant for each of the three designs.

3. Mechanical testing

We measured the stiffness and the morphing per-
formance of the synthetic rays using the instru-
mented multi-axis micromechanical testing plat-
form shown in figure 5. The displacements were
controlled with precision transducers (SOLO Single
Axis Manipulator Controller, Sutter Instrument,
CA, USA) and the forces were recorded using
a load cell (REB7 Subminiature Load Cell, 5 kg
capacity, Loadstar Sensors, CA, USA) installed in
line with the transducer. To produce consistent
and repeatable mechanical responses, rubber must
be pre-conditioned with cyclic loading [49] and

therefore, once the rays were assembled, they were
deformed five times by push-pulls at the base
before performing the actual mechanical exper-
iments. We used this setup to perform ‘pure
morphing’ experiments and ‘cantilever deflection’
experiments described below. Over the course of
the experiment, digital images were captured at
regular intervals using a DSLR camera (Canon
EOS Rebel T6) controlled by a custom MATLAB
routine [25, 42, 50]. These images were then
post-processed using a custom image analysis
MATLAB code to determine the profile (‘elastica’)
of each hemitrich at different stages of loading
[25, 42, 50].
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Figure 5. Schematic of the experimental platform used to measure the stiffness and morphing characteristics of the synthetic rays.

Figure 6. Typical results from morphing experiments: (a) schematic showing pure morphing of a synthetic fin ray; (b) snapshots
of morphed rays at three different displacements at the base (u0 = 0 mm, 10 mm and 20 mm); (c) morphed profiles (elastica) at
different u0 values; (d) typical actuation force–displacement (F0–u0) curve and the secant slope method used to measure the
morphing compliance Q.

3.1. Morphing test
In the ‘pure morphing’ test, the base of the upper
hemitrich was clamped and a push or pull displace-
ment u0 was imposed on the base of the lower

hemitrich while the actuation force F0 was recorded
(figure 6(a)). We used a maximum actuation dis-
tance of u0 = 20 mm to ensure that the rays under-
went large deformations, while also ensuring that
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Figure 7. Snapshots of three different ray designs with high density of ligaments leading to ‘localized morphing’ near the base,
optimum core stiffness with about 17 ligaments, and a design with no ligaments that leads to buckling of the lower hemitrichs
and poor morphing. The curvature of the ray as function of position along the ray is also shown. This data is then used to
compute the first moment of curvature κ(1), which we use as a measure of morphing shape.

no failure or damage occurred to the rays during
testing. Figure 6(b) shows typical images from this
experiment, with the ray gradually morphing to large
flexural deformations as u0 was increased. The exact
profile of each hemitrich was computed from image
analysis, producing the typical profiles of figure 6(c).
A desiredmorphing behavior is large flexural deform-
ations of the ray propagating over long distances from
the base (ideally, morphing occurs over the entire
length of the ray). Figure 7 shows how the absence
of ligaments in the core leads to buckling and poor
morphing. On the other hand, an excessive number
of ligaments leads to undesired morphing where the
deformations are concentrated near the base. Proper
morphing along the entire ray requires a fine bal-
ance between the stiffness of the hemitrichs and the
stiffness of the core, which we approached for this
study by using 17 rubber ligaments. How these lig-
aments are distributed in the core may also affect the
morphed ray, and to capture thesemore subtle effects,
we first measured the local curvature of the ray κ(s)

at u0 = 18.2 mm, and we then computed the first
moment of curvature κ(1) [42, 51]:

κ(1) =
1

L

L
∫
0
sκ(s)ds (1)

High morphing curvatures far from the base of
the ray produce high values of κ(1), while the less
attractive morphing responses shown in figure 7 lead
to low κ(1). The κ(1) metric provides a robust met-
ric that can be used to measure the overall morphing
curvature of each synthetic fin ray [42].

Another important metric for morphing is the
actuation force required for morphing. Figure 6(d)
shows a typical F0–u0 curve. At small actuation dis-
placements, the response is linear with relatively
low stiffness, while at larger actuation displacements,
stiffening is observed: The rotation and stretching
of the ligaments at large deformations increasingly
resist shear deformations in the core region. To
characterize the force required for morphing based
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Figure 8. Typical results from flexural experiments: (a) schematic showing the flexural deflection of synthetic fin ray; (b) snapshot
of deflected rays; (c) comparison of cantilever elastica at different δ values; (d) typical transverse force–displacement (P–δ) curves
and the secant slope method used to measure the flexural stiffness S.

on this nonlinear F0–u0 response, we measured the
morphing complianceQ for each design based on the
slope of the secant line shown in figure 6(d).

3.2. Cantilever deflection
The intent of the ‘cantilever deflection’ test
(figure 8(a)) was to load the ray with a transverse
point force applied relatively close to the tip, to
duplicate the most traditional and simple way to
load a cantilever beam. To this end, the base of each
hemitrich was clamped and a controlled transverse
deflection δ was imposed at a distance Ls = 130 mm
from the base, while the corresponding transverse
force P was recorded.We used a maximum transverse
displacement of δ = 25 mm which ensured that no
failure or damage occurred to the rays during testing.
Figure 8(b) shows typical snapshots for this experi-
ment. When subjected to a transverse force, the ray
responds in a way that is quite different from a regu-
lar structural beam. In a regular cantilever beam, the

flexural deformation increases near the clamped base
because the bending moment is the highest at that
point. In contrast, flexural deformations in the ray
were concentrated in the region where the transverse
force was applied. Amajor difference between a regu-
lar beam and rays is the core region, which in the ray
offers little resistance to shear, at least initially. The
large shear deformations in the core near the loading
nose are visible in figure 8(b), and they result in local
flexural deflections. Because of the fused conditions at
the end of the ray, the ray bends upwards on the right
of the loading nose, so that the very end of the ray
appears to deflect very little (this peculiar response is
also observed in natural fish fin rays [25]). Figure 8(c)
shows the elastica for different levels of deformation,
and figure 8(d) shows the force-deflection curve (P–δ
curve) for that ray. These curves are typically linear
but also show some stiffening at large deformations,
which can be explained by the increasing resistance of
the core to shearing as the ligaments rotate and stretch
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Figure 9. Non-linear finite element model: (a) mesh with nonlinear corotational beam element: stiff blue elements model the
hemitrichs, and softer red elements model the ligaments; boundary conditions and typical deformed shapes for (b) morphing and
(c) flexural loading.

at large deformations. From the P–δ curve for a given
design, we computed a flexural stiffness S, from the
slope of the secant modulus shown in figure 8(d).

4. Finite element model

To complement the experimental results and to
broaden our understanding of gradients in fish fin
rays, we used nonlinear finite element models to
capture the mechanics of the rays. The hemitrichs
and the ligaments in the core region were modeled
with co-rotational beam elements, with elastic prop-
erties computed from their cross sections and mater-
ials properties (figure 9(a)). The model could either
be morphed (figure 9(b)) or deflected by a trans-
verse force (figure 9(c)) to duplicate the experimental
setup. More details on the model formulation can be
found in [25, 42].

Figure 10 shows typical predictions from the FE
model in comparison with the experiments. The
model captures the shape of the deformed ray quite
accurately, as well as the F0–u0 curve, including
the nonlinear stiffening effect described above. The
model also properly captured the main features of
the P–δ flexural curve but slightly underestimated the
stiffness,most likely because the boundary conditions
in the experiments (mounting at the base, positioning
of the loading nose) were not strictly identical to the
boundary conditions used in the model. This numer-
ical model is however sufficiently accurate to comple-
ment the experiment. In particular, it provides a rapid
tool to explore many more designs than in the exper-
iments. For each of these designs, the morphing κ(1),
the morphing complianceQ and the flexural stiffness

S were computed using the same methods as for the
experiments.

5. Results

In the experiments, we explored the six different
designs shown in figure 3. The experiments were
non-destructive, so the same ray could be tested for
morphing and cantilever deflection any number of
times. To assess the repeatability of the syntheticmod-
els and experiment, we fabricated and tested two spe-
cimens for each design. Figure 11 shows an over-
view of the effects of gradients on the three met-
rics κ(1), Q and S as measured experimentally and
as predicted by the FE model. In terms of absolute
values for these metrics, experiments and FE mod-
els are off by up to 20%. However, experiments and
FE models are consistent in terms of trends, so the
FE models represent a useful tool for the general
design of the rays.We first examine the effect of gradi-
ents on κ(1). Figure 11(a) shows that the ligament
gradient density has little effects on κ(1), which is
consistent with our previous study: as long as the
core region is 3–4 orders of magnitude more com-
pliant than the hemitrichs, κ(1) is not sensitive to
ligament density [42], and this includes the effects
of gradient. Tapering the hemitrichs had a much
more pronounced effect on κ(1), consistently lead-
ing to a 40% increase of κ(1) compared to rays with
uniform hemitrichs. We explain this effect by the
lowered flexural stiffness of the hemitrich towards the
end of the ray, which promotes flexural deformations
away from the base of the rays. We next examine the
effect of gradients on the morphing compliance Q
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Figure 10. Comparison between experiments and models for a fin ray with tapered hemitrichs and positive core gradient: (a)
elastica and (b) F0–u0 curves from pure morphing test; (c) elastica and (d) P–δ curves from the flexural test.

(figure 11(b)). Both experiments and models show
that Q increases as the ligament gradient density
increases from negative to positive values. As the
gradient density is increased, the density of ligaments
near the base of the ray decreases. Since the base of
the ray is the region that experiences the higher shear-
ing from the actuation displacements, lowering the
ligament density in this region decreases the actu-
ation force and increases Q. Figure 11(b) also shows
that the morphing compliance for rays with tapered
hemitrichs is about 20% lower than rayswith uniform
hemitrichs. Since the large curvatures occur near the
base of the ray (figure 6), rays with hemitrichs which
are wider at the base require more actuation forces.

Finally, figure 11(c) shows that the flexural stiff-
ness S generally increased as the ligament gradient
density is increased. As shown in figure 8, in a typ-
ical flexural test, the deformations are concentrated in
the region where the transverse load is applied, and
stiffening occurs as the ligaments rotate and stretch
in that region. Increasing the gradient of ligament
density means that more ligaments will be present in
this region of high deformation, which in turn leads
to increased overall flexural stiffness S. Figure 11(c)
shows that rays with tapered hemitrichs have a lower
flexural stiffness, which can be explained by the same
reason: at the region of high deformations near the
application of the point load, the tapered hemitrich is
narrower than the uniform hemitrich, which leads to
a lower stiffness S overall.

5.1. Design exploration using performance maps
The results presented above show that incorporat-
ing gradients in the design of the ray has conflicting
effects on κ(1), Q and S. This observation is consist-
ent with our previous study, where we used uniform
hemitrichs and uniform core regions, but here we
focused on varying the density of the ligaments [42].
These previous results showed that increasing the lig-
ament density could decrease κ(1), that it consistently
increased S but that it also consistently decreased
Q. There are, therefore, trade-offs to be made when
designing rays with uniform hemitrichs and uniform
cores. The question we address here is: can graded
properties in the core and/or hemitrichs improve
these trade-offs compared to the uniform designs? To
answer this question, we explored the design space
using finite element models only, because they allow
the probing of a very large number of designs.We first
set up a reference case where the core and hemitrich
regions are uniform, with the overall dimensions of
the model shown in figure 2. We varied the liga-
ment density from 0.9 ligaments cm−1 to 5.3 liga-
ments cm−1 and for each case we computed κ(1), Q
and S.We then normalized each of these properties by
the property of ray without a core, to obtain the non-
dimensional properties κ(1)∗, Q∗ and S∗. Figure 12
shows a set of property maps where the axes are S∗

and Q∗. Varying the ligament density leads to differ-
ent combinations of these two properties, which all
fall on a single line that clearly shows the trade-off

9
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Figure 11. Effect of gradients in the core and hemitrichs on (a) morphing curvature κ(1), (b) morphing compliance Q, and (c)
structural stiffness S.

between Q∗ and S∗. We also show the value of κ(1)∗

as the width of a thin colored region centered on
that line.

This reference line for uniform designs confirms
that increasing the ligament density decreases κ(1)∗,
increases S∗ and decreasesQ∗. Figure 12(a) also shows
the effect of adding a positive or a negative gradi-
ent to the spacing of the ligaments (the magnitude
of the gradient is the same as figure 4). We first
note that the range of properties, particularly stiff-
ness, is different from the uniform case because the
gradient creates constraints on the ligament dens-
ity that can be achieved near the end of the ray
(for the positive gradient) or near the base (for
the negative gradient). Nevertheless, the map shows
that incorporating a positive gradient in the core

enables higher combinations of S∗ and Q∗ compared
to the uniform case, and that the range of attain-
able values for κ(1)∗ is also systematically improved.
Incorporating a negative gradient in the core also
increases κ(1)∗, but it negatively impacts the pos-
sible combinations of S∗ and Q∗. Figure 12(b) shows
that adding a taper to the hemitrichs decreases the
S∗ and Q∗, but that it also increases the range of
possible κ(1)∗. This decrease can, however, be off-
set by combining tapered hemitrich gradient with
a positive gradient in the core region: figure 12(b)
shows that this combination leads to ranges of S∗ and
Q∗ which are slightly lower than the uniform case,
but also to significant enhancements for κ(1)∗ with a
range of values which is 40%–110% greater than the
uniform case.
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Figure 12. Performance maps obtained from the FE model showing normalized morphing compliance, structural stiffness and
morphing curvature: (a) effect of gradient in the core region; (b) effect of gradient in hemitrichs combined with gradients in the
core region.

6. Conclusions

The morphing and stiffening performances of nat-
ural rays and of bio-inspired synthetic rays are the
result of a fine balance between different structural
components and properties. Proper morphing can
only be achieved within an optimal balance between
the flexural stiffness of the hemitrichs and the shear
stiffness of the core region. Some of these finer bal-
ances can only be assessed by considering regimes of
large deformations, for example, the fibrillar struc-
ture of the core region is critical to offer the least
possible resistance to shearing andmorphing at small
deformations, while stabilizing the ray and prevent-
ing buckling at large deformations. While synthetic
morphing only considers uniform compositions and
structures for hemitrichs and core regions, natural
fish fins (and natural materials in general) display
strong gradients which, we hypothesized in this study,
could improvemorphing and stiffening performance.
In this study, we used micromechanical experimental
testing and nonlinear FE models to investigate the
effects of gradients in the hemitrichs and the core
region of the synthetic fin rays. The main conclusions
of this study are as follows:

• Increasing the core gradient (the density of liga-
ment is increased towards the tip of the ray) has
little effects on κ(1). As long as a minimum num-
ber of ligaments are present to prevent buckling, an
adequate morphing shape is achieved.

• Increasing the core gradient increases the morph-
ing compliance Q: positive gradients entail less
ligaments near the base of the ray, which makes
morphing easier.

• Increasing the core gradient increases the flexural
stiffness of the ray S: positive gradients entail more
ligaments near the end of the ray, which is where
most of the deformations occur in the cantilever
flexural test (as opposed to traditional cantilever

beams where flexural deformations are concen-
trated near the base of the beam).

• Rays with tapered hemitrichs consistently produce
higher κ(1). A reduced flexural stiffness in the
hemitrichs away from the base promotes flexural
deformation from morphing in these areas.

• Rays with tapered hemitrichs lead to lower morph-
ing compliance because wider hemitrichs at the
base require more actuation forces, and they
also lead to lower stiffness S because narrower
hemitrichs near the point where the force is applied
reduce stiffness in that key area.

• The loss of Q and S in the rays with tapered
hemitrichs can be offset by using graded core
regions, which can provide interesting paths to cre-
ating rays with high κ(1), high Q and high S.

Natural fish fins suggest new designs for stiff morph-
ing materials that do not require large forces for
morphing, yet that can resist deformation or col-
lapse from external loads. In comparison, pneumatic
morphing systems that include inflatable fabrics [52]
and pneumatic cells [53] require low pressure and
forces for morphing, but they suffer from low stiff-
ness. On the other hand, aerospacematerials actuated
with piezoelectric shear actuators [54] are orders of
magnitude stiffer, but they also require high voltages
and mechanical forces for morphing. Quantitative
comparisons of the stiffness/morphing properties of
these systems can be found in [42]. The present
study shows that gradients of properties in both
the core region and the hemitrichs, therefore, affect
the overall morphing and stiffening response of
the ray, which demonstrates the importance of this
feature for synthetic designs, and which also sug-
gests that gradients have benefits in natural fin rays.
Even with these enrichments, the structure of our
synthetic rays pale in comparison with natural fin
rays (figure 1(b)). Other features that should be
explored include segmentations along the hemitrichs,
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gradients in the length of the segments, tendon
effect shown by collagen fibrils at large deforma-
tions, non-uniform gradients in the hemitrich/core,
or three-dimensional, semi-cylindrical designs for the
hemitrichs.

The experimental and modeling methodology
presented here can be used to build a comprehensive
understanding of the mechanical role of these intric-
ate features. The design guidelines presented here are
based on elastic responses which are scale-free, so that
the prototypes can be scaled up or down. The rel-
atively simple design and fabrication steps are also
amenable to mass production of rays, which can be
used in parallel to create morphing structures sim-
ilar to natural fish fins. Other important properties
such as failure by buckling, fracture or fatigue should
also be explored to assess the reliability of these struc-
tures under extreme, prolonged, and/or cyclic load-
ings. There are alsomany possible ways to load the ray
mechanically, which depends on the intended func-
tion and applications. In this report, we have used
a single point force as an ‘external load’ on the ray,
but future experiments could also include multiple
point forces, or distributed loads that could duplic-
ate hydrodynamic pressures. Finally, energetic aspects
such as the amount of mechanical work needed to
achieve specific morphing deformations when the
structure is free of external loads or when it is loaded
would also possibly reveal new functionalities and
design guidelines. The present study nevertheless rep-
resents a first step towards design guidelines for more
effective stiff morphing materials, with applications
in medicine, aerospace, or robotics.
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