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Morphing materials are typically either very compliant to achieve large
shape changes or very stiff but with small shape changes that require
large actuation forces. Interestingly, fish fins overcome these limitations:
fish fins do not contain muscles, yet they can change the shape of their
fins with high precision and speed while producing large hydrodynamic
forces without collapsing. Here, we present a ‘stiff’ morphing beam
inspired from the individual rays in natural fish fins. These synthetic rays
are made of acrylic (PMMA) outer beams (‘hemitrichs’) connected with
rubber ligaments which are 3–4 orders of magnitude more compliant.
Combinations of experiments and models of these synthetic rays show
strong nonlinear geometrical effects: the ligaments are ‘mechanically
invisible’ at small deformations, but they delay buckling and improve
the stability of the ray at large deformations. We use the models and
experiments to explore designs with variable ligament densities, and
we generate design guidelines for optimum morphing shape (captured
using the first moment of curvature), that capture the trade-offs between
morphing compliance (ease of morphing the structure) and flexural
stiffness. The design guidelines proposed here can help the development
of stiff morphing bioinspired structures for a variety of applications in
aerospace, biomedicine or robotics.

1. Introduction
Morphing refers to radical shape changes in materials and structures [1],
which involve large amplitudes and/or unusual deformation modes such
as auxetics [2] or the coupling of deformation modes such as compression-
induced twist [3]. When a change of geometry is desired in an engineering
system, morphing materials offer more advantages than traditional discrete
mechanisms: lighter weight, smoother transitions, better distributed stresses,
simpler kinematics, smaller numbers of actuators and higher reliability. A
wide range of technologies are available for engineering morphing materials:
metamaterials [4–6], origami [7], kirigami [8], hydrogels [9], hygromorphs [10]
and pneumatic shape-morphing elastomers [11,12]. Radical shape change is
achieved in these materials, but only with relatively compliant materials and
structures that cannot sustain large external forces without excess deforma-
tions, collapse or failure. Stiffer and stronger structures can also be morphed
using piezoelectric actuators [13] or shape memory alloys [14], but they
require large actuation forces that result in only relatively small morphing
amplitudes. This conflict between ‘morphing efficiency’ and stiffness from
external loads, illustrated in figure 1a, has been a major obstacle to the
systematic use of morphing materials in aerospace and other domains [17].
Other design strategies have been proposed for morphing structures, with
interesting combinations of stiffness and morphing. However, these structures
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rely on complex micro-architectures found by topology optimization [18] on local instabilities [19] or on multi-part mechanisms
with actuation that must be transmitted through the entire structure, involving pulleys [20], sliding elements [21], shafts [22] or
pneumatics [23] covered by flexural skin, or complicated architected materials made of hundreds of moving parts [22,24].

Interestingly, fish fins from ray-finned fishes (Actinopterygii) seem to overcome these limitations. Fish fins do not contain
muscles but display large morphing amplitudes, combined with high stiffness from external loads (hydrodynamic forces), fast
response times and actuation from the base only. Fish fins ‘probably represents the most elaborate and refined adaptation to
efficient interaction with water that has ever evolved’ [25] and as such, they can serve as models for the design of new morphing
materials. Because they contain no muscles, fish fins are often thought of as passive swimming surfaces which are simply
‘flapped’ for propulsion or passive stabilization. Fish fins are in fact much more sophisticated systems: fish can adjust not only
the orientation, but also the curvature, shape and surface of their fins to finely tune hydrodynamic interactions and to generate
powerful forces in three dimensions [16] (figure 1b,c). 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 1d–f). The rays are composed of two bony layers called hemitrichs which are connected by collagen fibrils embedded
in a ground gel-like substance (figure 1f).

A remarkable feature of fish fins is that their curvature can be adjusted solely by muscular actuation from the base of the rays
(figure 1b). 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 cartilaginous pad at the base of the fin [16]. The shear deformation imposed at the base
induces a competition between flexural deformations of the hemitrichs and the shear deformations of the compliant core over
the length of the fin. There is a fine balance between the flexural stiffness of the hemitrichs and the shear stiffness of the core,
so that individual rays can morph along their entire length [26]. Individual rays must also be stiff to minimize deformations
and prevent collapse when subjected to hydrodynamic loads. Flexural experiments on individual rays have indeed revealed
relatively high flexural stiffness, with homogenized flexural modulus in the order of 1 GPa [27]. For comparison, synthetic
materials with similarly large morphing amplitudes are orders of magnitude more compliant. Responsive hydrogel hybrids,
for example, have an elastic modulus in the order of only 0.1–1 MPa [9]. We have recently measured and modelled the
morphing and flexural stiffness performance of individual rays from rainbow trout (Oncorhynchus mykiss) [28]. We found
that the collagenous core region is best modelled with spring elements that duplicate the arrangement of the collagen fibrils.
We also found by fitting mechanical experiments that these elements are 3–4 orders of magnitude more compliant than the
hemitrichs. To properly capture the large deformations and large rotations of natural rays, linear models used previously for
fins [15,16,26,29,30] are not adequate, and numerical models that capture geometrical nonlinearities are required.

Fish  fins  represent  an elegant,  robust  and mechanically  efficient  solution to  stiff  morphing,  and they have already
inspired a  multitude of  morphing structures:  three-dimensional  printed segmented composites  [15],  flexible  fish-like
robotic  systems [31–37],  aquatic–aerial  vehicles  or  robots  [38–40],  bioinspired morphing fins  as  propulsors  and to
improve manoeuvrability  for  autonomous underwater  vehicles  (AUVs)  [41–48].  Fish  fins  have also  inspired a  variety
of  robotic  gripper  designs  [49–52].  However,  among these  fish-inspired structures,  few truly  duplicate  the  mechanisms
of  morphing of  the  natural  rays.  For  example,  a  majority  of  fin-inspired robots  simply rely  on passive,  flexural
membranes.  A thorough understanding of  the  interplay between compliant  and stiff  elements  at  regimes of  large
deformations  and large  rotation is  still  needed.

Here,  we propose  a  new design for  a  fin-inspired stiff  morphing beam that  captures  the  main features  of  natural
rays:  stiff  outer  hemitrichs  connected by compliant  ligaments,  morphing induced by push–pull  forces  at  the  base
resulting in  large  deflections  and large  rotations.  We explore  the  mechanics  of  morphing and flexural  deflection of  these
rays  using combinations  of  mechanical  experiments  and nonlinear  finite  element  (FE)  models,  which ultimately  leads  to
design guidelines  for  fin  ray-inspired morphing beams.

2. Synthetic fin ray: design and fabrication
Individual fin rays are complex three-dimensional structures (figure 1), and the objective of this study was to focus only on
some of the main structural features: (i) a slender and slightly tapered overall geometry; (ii) a pair of stiff hemitrichs connected
with compliant, elastic ligaments; and (iii) hemitrichs at least three orders of magnitude stiffer than the ligamentous core
region. Figure 2 shows a design that captured these key features. The overall dimensions of the ray (L = 200 mm by h0 =20
mm by w = 5 mm) and the taper angle (θ = 5°) were maintained constant throughout this study, to focus on the effects of the
relative properties of hemitrichs and core region. The outer hemitrichs were made from 1.5 mm thick polymethyl methacrylate
sheets (PMMA; US Plastic, Lima, OH, USA). PMMA is a relatively stiff polymer, with a measured flexural modulus Eh = 2.8
GPa. Each hemitrich is a th = 1.5 mm thick and w = 5 mm wide beam, with a wider region at the base for attachment to
our mechanical testing platform. To duplicate the softer collagenous core in natural rays we used 1.6 mm thick rubber sheets
(RubberCal, Santa Ana, CA, USA; figure 2). The collagenous core in natural rays has a fibrillar structure, with collagen fibrils
aligned perpendicularly to the axis of the ray (figure 1b), a fibrillar arrangement with important implications for the mechanical
performance of the ray. For this study, we maintained the cross-section of the individual ligament constant (1.6 mm by 1.6 mm),
but we varied their spacing d (figure 2) to manipulate the effective elastic properties of the core region. The homogenized,
effective tensile modulus Ec of the core was then calculated using:

(2.1)Ec = ErArdw ,
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where Er is the tensile modulus of rubber (measured Er = 1.52 MPa), Ar is the cross-section of individual ligaments (Ar = 2.56
mm2) and w is the width of the hemitrich (w = 5 mm). Different designs were created and fabricated by varying the distance
d between the ligaments from 1.6 to 16.6 mm, resulting in an effective tensile modulus of the core region Ec in the 50–500 kPa
range. The contrast in elastic properties between the PMMA hemitrichs and the ligamentous rubber core was therefore more
than three orders of magnitude, consistent with measurement on natural fin rays [28].

Rubber needs to be ‘preconditioned’ in order to settle its microstructure and produce repeatable results across repeated
cycles of loading and unloading [53,54]. Therefore, prior to fabrication, we manually stretched the rubber sheets by about 50%
strain for 10 cycles. The hemitrichs and rubber ligaments were then cut from sheets using an 80W CO2 precision laser cutter
(Nova35; Thunder Laser Systems, Houston, TX, USA). Laser cutting produced components with high dimensional fidelity, and
we verified that the dimensions of the laser cut components (hemitrich width, ligaments cross-section and spacing) were as
specified and repeatable using an optical microscope (Leica DM2700 M). The two hemitrichs were glued together at the tip
using cyanoacrylate and 5° angle wedges to control the taper angle of the ray accurately. The ligamentous core was then glued
to the inner surfaces of the two hemitrichs using cyanoacrylate, and the fin ray was then allowed to cure for at least 24 h. Using
this fabrication procedure, we fabricated fin rays with nine different ligament spacings ranging from d = 1.6 to d = 16.6 mm,
corresponding to ligament densities of about 180–630 ligaments m−1 (figure 3a–c). We also fabricated three ‘extreme’ designs:
a ‘coreless’ design with no ligaments (figure 3d), a ray entirely made of rubber (figure 3e) and a ray entirely made of PMMA
(figure 3f).
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Figure 1. Key features in individual fin rays (adapted from [15]). (a) Fish fins combine high morphing efficiency and high stiffness from external loads, two properties
that are mutually exclusive in engineering morphing materials. (b) An individual ray from a fish fin harvested from Atlantic salmon (Salmo salar) is ‘morphed’ by
applying push/pull forces manually. (c) Micro-CT scans of a caudal fin ray from Atlantic salmon in rest position and actuated position. The hemitrichs ‘glide’ on one
another, which induces flexural deformations.(d) Fish can change the shape and effective surface of their fins from actuation by base muscles (adapted from [16]).
(e) Cross-section of a fin showing the bony rays and surrounding compliant tissues. (f) Schematic of this mechanism.
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Figure 2. Overview of the design and geometry for the synthetic ray.
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3. Mechanical testing
The synthetic rays were tested using the micromechanical testing platform shown in figure 4. The upper hemitrich was clamped
to the base of the set-up, while the lower hemitrich was clamped in line with a motorized micromanipulator (SOLO Single
Axis Manipulator Controller, Sutter Instrument, Novato, CA, USA). The first type of test was the morphing test, where the
lower transducer imposed a displacement u0 on the base of the lower hemitrich, while the resulting actuation force F0 was
recorded with a precision load cell (REB7 Subminiature Load Cell, 5 kg capacity, Loadstar Sensors) mounted in line with the
transducer. The second type of test was the flexural test, where both hemitrichs were clamped. A transverse displacement δ
was imposed at a distance Ls = 130 mm from the base, and the corresponding transverse force P was recorded with a precision
load cell mounted in line with the transducer. For both tests, optical images of the ray were automatically acquired at regular
intervals using a digital camera (Canon EOS Rebel T6). The control of the transducers, the acquisition of the forces and the
acquisition of the pictures were all managed with an interface and a unified custom Matlab code. The morphing and flexural
tests were non-destructive, so each ray could be tested multiple times in either morphing or flexural configuration, with highly
repeatable results. At the post-processing stage, the images were analysed using a custom Matlab code to track the position of
the hemitrich and digitally reconstruct the deformed shape (‘elastica’). To this end, the sides of the hemitrichs were painted in
black.

Figure 5 shows typical results from morphing tests on a fin ray with a ligament spacing d = 7.6 mm, shown together
with results from a ‘coreless’ ray for reference (i.e. no ligaments). At small deformations, both designs display the same
mechanical response, because the ligaments, initially perpendicular to the hemitrichs, produce little resistance to morphing
(they are ‘mechanically invisible’). At larger deformations, however, there are pronounced differences between the responses
of these two designs. The coreless design shows evidence of buckling of the lower hemitrich (which carried a compressive
force), accompanied by softening on the F0–u0 curve, while the design with ligaments shows stiffening and a much more stable
response.

Figure 6 shows typical results from the cantilever test on the same two rays. Here again, the two designs produce identical
mechanical responses at small deformations, where the contribution of the ligament to overall stiffness is negligible. At larger
deformations, the coreless design again shows evidence of buckling in hemitrichs, while the design with a core displays a more
stable mechanical response and sustained stiffness. We also observed that the ligaments buckle at large deformations, mainly
due to the loading nose applying a transverse compression on the core region.

These results highlight an important function of the ligaments: the ligaments are mechanically ‘invisible’ at small deforma-
tions, which is beneficial because it decreases the actuation force required to initiate morphing from the straight configuration.
At large deformation, however, the ligaments rotate and stretch, stiffening the entire structure. Importantly, they keep the
hemitrichs together at large deformations, which increases the actuation force but also delays the buckling of the hemitrichs.
The ligaments also enable a more thorough morphing of the ray in terms of deformation and kinematics. We finally note that
while all curves presented here show an elastic response where the initial shape of the ray was recovered upon removal of the
load, there is also a small amount of hysteresis from viscous dissipation in the hemitrichs and ligaments.

4. Finite element model and design exploration
In order to model and optimize the mechanics of the ray, we developed a nonlinear FE model that captures large deformations
and large rotations [28] (figure 7). The core nonlinear algorithm as well as the model input and output were coded on an
in-house developed Matlab code [27]. The hemitrichs were modelled with elastic corotational beam elements, with all stiffnesses
derived from the modulus of PMMA and the cross-sectional dimensions of the hemitrichs. In the model, these elements are

(a) Core density: 180 ligaments m–1

(b) Core density: 280 ligaments m–1

(c) Core density: 625 ligaments m–1

(d) Coreless design

(e) All-rubber design

(f) All-PMMA design

30 mm

30 mm

30 mm

30 mm

30 mm

30 mm

Figure 3. Examples of synthetic fin rays: (a–c) Fin rays with ligaments of increasing density; (d) coreless fin ray (i.e. no ligaments connect the hemitrichs); (e) an
‘all-rubber’ design; and (f) ‘all-PMMA’ design.
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predominantly deformed in flexion. The ligaments were modelled explicitly, using their cross-section and the modulus of
rubber. These elements were predominantly deformed in tension, although some bending was also observed.

Figure 8 shows comparisons between the model predictions and the experiments. Experiments and FE models for the
morphing and flexural loading configurations agree well in terms of deformed shapes (figure 8a,c). The FE models captured
the nonlinear response of the ray for morphing and flexural deformations. They however overestimated the flexural stiffness
and the morphing stiffness by up to about 15% (figure 8b,d), which we attributed to imperfections in the physical model
(in particular, the onset of buckling in the experiments may be reduced by defects which were not included in the models).

Figure 4. Experimental platform used for the morphing test and the flexural test on synthetic fin rays.
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Figure 5. Typical results from morphing experiments: snapshot of morphed rays at three levels of imposed actuation displacement u0 for (a) rays with no core
(coreless) and (b) rays with rubber ligament cores (130 ligaments m−1); (c) comparison of morphed profiles (elastica); (d) comparison of actuation force–displacement
(F0–u0) curves for coreless fin ray (black) and ray with rubber ligamentous core region (blue).

(a) Coreless (c)

(d)

(b) Rubber ligaments core 25

–25

0

y 
(m

m
)

–50
25 500 75 100

x (mm)

125 150 175 200 250225

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0 5 10 15

δ (mm)

P, δ
P, δ

20 25

P
 (

N
)

25 mm

25 mm

25 mm

25 mm

25 mm

25 mm Coreless

Coreless

Rubber ligaments

core

Rubber ligaments core
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Nevertheless, this model provided a robust and computationally efficient approach to modeling the ray-like beam at large
deformations.

The design of this bioinspired morphing structure has several key parameters, which can be tuned and optimized using
the models and experiments described above. However, it is important to first define what constitutes a ‘good design’ for this
structure. For this study, we used three performance metrics: the morphing curvature, which captured whether the deformation
due to morphing propagated along the entire ray; the morphing compliance, which captured how much ‘actuation’ force is
needed to morph the ray; and the flexural stiffness which characterized the stiffness of the structure when subjected to an
external transverse force. These three metrics are described in more detail in the following sections.

4.1. Morphing curvature
When subjected to actuation at the base, the curvature of natural fin rays is distributed almost over their entire length, in other
words, fish can manipulate not only the orientation but also the shape of their fins solely from muscular push–pull at the base
of the fins. Our morphing experiments on the synthetic fins produced a similar response but to various extents. An important
measure of the morphing shape in this configuration is the local curvature of the ray κ s , where s is the curvilinear position
from the base of the ray (note that curvature κ is the inverse of the radius of curvature, so that for a straight, undeformed ray κ
=0). We measured κ s  from the images acquired during the experiments, and also from the nodal positions in the model, in both
cases using the Pratt method [55]. Figure 9 shows two plots of κ s  normalized by h0 as a function of the curvilinear distance s
from the base (also normalized by h0). In one of the designs, the density of ligaments is high, which produces a stiff core region
and a curvature concentrated near the base (figure 9). This type of response may be described as a deformation hinge near the
base of the ray, while the rest of the ray rotates but remains undeformed. In the second case, the density of ligaments is lower,
which produces a more compliant core region and a morphing response that is well distributed over the entire length of the ray.
In terms of morphing, the second case is preferable, but a metric is needed to quantitatively rank and optimize different designs.

In a recent study on morphing lattice beams [56], we examined several possible metrics for flexural morphing, all based on
curvature. The maximum curvature κmax and an average curvature κ (the curvature averaged over the length of the ray) were
first considered as morphing metrics, but these metrics are not adequate: cases where the deformations are concentrated near
the base of the ray, forming a deformation ‘hinge’ represent poor morphing response but produce high values of these metrics
(the very high curvature near the base of the ray biasing κmax and κ towards high values). A better metric is the first moment of
curvature κ(1) given by [56]:

(4.1)κ 1 = 1L ∫
0

Lsκ s ds .

Large curvatures away from the base of the ray produce κ(1) values, and therefore κ(1) captures morphing that occurs over long
distances along the ray. κ(1) is a robust, non-dimensional metric of the flexural morphing of the ray in terms of deformations,
which can be used to compare and rank different fin ray designs. Figure 10 shows κ(1) as a function of the relative stiffness of
the core, obtained from experiments and the nonlinear FE model for an actuation distance u0 = 13 mm. The reference is the
coreless ray (Ec = 0). For the coreless case, buckling of the compressive hemitrich impedes morphing and limits κ(1). Both the
model and the experiments show a similar trend: the addition of ligaments keeps the hemitrichs together and adds stability,

leading to higher values for κ(1) (κ(1) ~ 0.2), but only in the range of relative core thickness 1 < Ecℎ0
4EI ℎ < 10. For higher relative core

(a)

h0

d

–u0/2

u0/2

Ls

δ

(b) Deformed mesh, morphing (c) Deformed mesh, flexural loading

Hemitrich elements Core elements

Figure 7. Nonlinear FE model: (a) Mesh with nonlinear corotational beam element: stiff blue elements for the hemitrich and softer red elements for the ligaments;
boundary conditions and typical deformed shapes for (b) morphing and (c) flexural loading.
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stiffness Ecℎ0
4EI ℎ > 10, κ(1) decreases, because as the core region becomes too stiff, morphing becomes concentrated near the base. In

summary, the ligaments in the core are critical to stabilize the hemitrichs and prevent buckling, but too many ligaments and a
high relative core stiffness lead to a hinge-type response (figure 9) which is not desired.
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Figure 8. Comparison between experiments and models: (a) elastica and (c) F0–u0 curves from pure morphing test; (b) elastica and (d) P–δ curves from the flexural
test.
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Figure 9. Normalized local curvature as a function of curvilinear position along the ray. The red curve shows an example of ‘localized morphing’ where the
deformations are concentrated near the base of the ray, which is not desirable. The green curve is an example of ‘distributed morphing’ where curvature from morphing
is better distributed along the length of the ray.
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4.2. Morphing compliance
Another metric of interest is the amount of actuation force required to morph the ray. Figure 11a shows a set of representative
F0–u0 curves (actuation force as a function of actuation distance) for different designs. The coreless design and the designs with
ligaments show the same initial morphing stiffness, because at small deformations, the ligaments are mechanically invisible.
There are however pronounced differences at higher deformations as nonlinear mechanisms become pronounced. In the
coreless design, the buckling of one of the hemitrichs leads to a softening F0–u0 response. For the design with ligaments, the
progressive stretching and large rotations of the ligaments stabilize the ray but it also leads to a stiffening response similar
to what we observed on the natural ray [28]. As expected, the amount of stiffening is more pronounced as the ligament
density is increased. For comparison, we also show the results from the all-PMMA ray (figure 3e), which produces a stiff linear
response restricted to small deformations (high deformations broke the ray). To quantitatively compare these designs, we use
the morphing compliance Q to capture the ‘ease’ of morphing the ray from a set of forces at the base. It is simply written as:

(4.2)Q = u0F0
,

where u0 is the base actuation displacement and F0 is the actuation force at the base of the ray. By this metric, the different
designs only show differences at large deformations, for which the response is nonlinear. For this reason, we used the secant
modulus of the F0–u0 curves, taken at an actuation distance of u0 = 13 mm for all designs. Figure 11b shows the morphing
compliance, normalized by the morphing compliance of the coreless design, as a function of relative core stiffness. Both
experiments and FE models show a similar trend: the designs with ligaments are 2.5–5 times less compliant than the coreless
design (they require 2.5–5 times more force to morph). As expected, the morphing compliance decreases for stiffer relative core
stiffnesses.

4.3. Flexural stiffness
Natural fins can be morphed to large amplitudes, but they also need to be relatively stiff to produce and sustain hydrodynamic
forces without collapsing. A third metric we considered for our synthetic rays is flexural stiffness, which we measured as the
stiffness of the ray when subjected to a transverse force. Figure 12a shows representative transverse force–deflection curves
(P-δ curves) for different designs. The coreless design and the ligament designs all show the same initial flexural stiffness,
again because the ligaments are mechanically invisible at small deformations. At larger deformations, the curves soften because
of buckling. However, the results clearly show that buckling can be delayed by increasing the density of the ligaments. An
all-PMMA representative P-δ curve is also shown, which shows a much stiffer response but which is restricted to small
deformations. In order to measure the flexural stiffness of the ray in a way that accounts for large deformation regimes, we used

Coreless ray
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Figure 10. First moment of curvature κ 1  as a function of relative core modulus across fin rays with different core spacings. Typical snapshots for the different regimes
are also shown.
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a secant modulus taken at δ = 18 mm for all designs. Figure 12b shows the secant flexural stiffness, normalized by the flexural
stiffness of the coreless design, as a function of the relative stiffness of the core. Even the lowest density of ligament increases

the flexural stiffness by about 40%, by delaying buckling and from 
Ecℎ0

4EI ℎ ≈ 2 − 3, the flexural stiffness continuously increases with

relative core stiffness. The FE models overestimate the experiments by about 10–20%, but they properly capture the trend of
flexural stiffness vs. relative core stiffness.

4.4. Multi-objective plots
The ideal ray combines high morphing first moment of curvature κ(1), high morphing compliance Q and high flexural stiffness
S. However, the results above suggest that some of these performance metrics are conflicting. For example, higher ligament
densities increase flexural stiffness but also decrease morphing compliance. To visualize these trade-offs, it is useful to plot
these metrics on a performance map, which we constructed by considering different possible combinations of core modulus Er
and ligament spacing d in the 1–20 mm range for the FE models. All three metrics were then normalized by the performance
of the coreless design to create the map shown in figure 13. The possible combinations of flexural stiffness and morphing

compliance all lie on a narrow region on the map, which is largely governed by the relative core stiffness parameter 
Ecℎ0

4EI ℎ . A

closer examination of the model revealed that the ‘thickness’ of that region is due to the flexural stiffness of the ligaments,
which has a much smaller effect than the relative core stiffness, but which must be accounted for in the model to match
the experiments (especially for designs with larger ligament densities). As expected, the coreless ray produces the highest

morphing compliance, but the lowest flexural stiffness. As the ligaments are added and their density is increased, 
Ecℎ0

4EI ℎ  increases,

with the effect of decreasing the morphing compliance and increasing the flexural stiffness. The map therefore clearly shows
the trade-off between these two properties. On the other hand, the morphing metric κ(1), shown as colour-coded on the map

of figure 13, shows a clear optimum region on the map within the range 1 < Ecℎ0
4EI ℎ < 10 producing the highest values. The
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Figure 11. (a) F0–u0 curves for different synthetic fin rays. The actuation stiffness increases (and the compliance Q decreases) for stiffer core stiffness Ec. The coreless
ray shows softening associated with buckling. (b) Morphing compliance, normalized by the morphing compliance of the coreless design (Ec = 0) from models and
experiments.
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experimental results for various designs, also shown in figure 13, agree well with the model, with deviation up to a maximum
of about 15%.

We finally consider the parameter C = Q.S , which must be maximized to combine high morphing compliance and high
flexural stiffness. We use the data of figures 5, 6 and 13 to estimate C ~ 10−1 for our synthetic fins. The parameter C is also useful
to compare our synthetic fish fins with other existing morphing materials reported in the literature. The mechanical forces and
stiffness are not always fully characterized in existing morphing materials, and the values greatly depend on dimensions and
configurations. Nevertheless, C can be estimated using simple assumptions and models. We consider here a L = 200 mm beam
with cross-section h × h = 400 mm2. The flexural stiffness of the beams is then estimated using S~Eℎ4/L3, with the modulus E
dependent o the material of which the structure is made.

The first example we used for comparison is a very soft morphing structure: pneumatic morphing systems that include
inflatable fabrics [57] and pneumatic cells [58]. In these materials, the modulus is of the order of E ~ 100 kPa, and the actuation
compliance can be estimated using Q ≈ λL/PaA, where Pa is the actuation air pressure (typically of the order of 0.1 MPa), A is
the cross-section of the structure and λ is the stretch ratio of the pressurized cells (typically λ ~ 1.5). Using these estimates,
we calculated C = Q.S ~ 10−4 to 10−2 for pneumatic morphing systems. On the other end of the stiffness range for morphing
materials, we examined stiff structural materials (E ~ 100 GPa) actuated with piezoelectric shear actuators [59]. For this class
of morphing materials, the actuation force can be estimated using EAdpe, where dp is the piezoelectric coefficient (dp ~ 1012

mV) and e is the strength of the electric field. Using these assumptions, we estimated C ~ 10−2 for piezoelectric-actuated
stiff structures. For comparison, our synthetic fins produced C ~ 10−1, which suggests that morphing beams inspired from
rays provide advantageous combinations of low actuation forces and high flexural stiffnesses compared to existing morphing
technologies.

5. Conclusion
Fish fins are fascinating structures that are relatively stiff, but which can be morphed from relatively small push–pull forces
applied at their base. In particular, the individual rays that compose the fins can serve as models for improved stiff morphing
engineering materials, but further development is slowed by the lack of mechanical models at regimes of large deformations,
and by the lack of guidelines for design and optimization. In this study, we have designed, fabricated and tested synthetic fin
rays that duplicate some of the key features of natural fish fin rays. We used a combination of experiments and nonlinear FE
models to reach the following main conclusions:
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— The combination of a very soft material (rubber) with a ligamentous design enables core regions which are 3–4 orders of
magnitude more compliant than the hemitrichs.

— The morphing and deformation mechanisms observed on natural fin rays could be duplicated in our synthetic rays.
— The ligamentous architecture in the core region is critical so that the ligaments are ‘mechanically invisible’ at small

deformations, which minimizes the force required to initiate morphing.
— The ligamentous design in the core region is critical to stabilize the structure at large deformations, by delaying the

buckling of the hemitrichs in both morphing and flexural loading configurations.
— The stiffness of the core region can be easily tuned by changing the spacing between ligaments.
— The ligaments are required to achieve morphing deformations distributed over the entire ray, which we measure using the

first moment of curvature. The ligaments provide a constant morphing shape over a wide range of stiffnesses. However, if
the stiffness of the core is too high, morphing localizes in a ‘hinge’ near the base of the ray, so that the morphing shape is
optimum only for a certain range of stiffness in the core region.

— The main parameter that governs the mechanics and performance of the ray is the ratio between the tensile stiffness of the
core and the flexural stiffness of the hemitrichs. The flexural stiffness of the ligament has much smaller effects, but it must
be accounted for to match the experiments, especially at high ligament densities.

— A property map showing all three metrics can be used to guide the design of ray-like morphing beams. There is a strong
trade-off between morphing compliance (the actuation forces required to morph the ray) and flexural stiffness, but there
is a clear region where the morphing shape is optimum.

The structure of our synthetic rays captured some of the main features of natural fin rays, which are remarkably uniform across
all species of ray-finned fishes (Actinopterygii) [60]. There are however variations in morphologies and functionalities across
species [29,61], which could be examined in the context of bioinspiration, to possibly improve engineering designs further. In
addition, there are many possible extensions and enrichments of the design that could incorporate some finer features inspired
from natural fin rays (figure 1). Segmentations in the hemitrichs could be added to the design to achieve better trade-offs
between morphing compliance and flexural stiffness [15]. The section of the hemitrich also decreases towards the end of the
rays, which creates a gradient of flexural properties that could also improve the mechanical performance of the rays. Other
finer features in natural rays include semi-cylindrical three-dimensional bony segments in the hemitrichs, crimps in the collagen
fibrils and non-uniform distributions of ligament spacings. The mechanical role of these features is not fully understood, but
the fabrication, testing and modelling platforms we developed here could serve as mechanical models to better understand
these more complex structure–property relationships in natural fins. These additional features could also lead to even better stiff
morphing bioinspired structures for a variety of applications in aerospace, biomedicine or robotics.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The authors confirm that the data supporting the findings of this study are available within the article.
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. S.D.: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project
administration, resources, software, supervision, validation, visualization, writing—original draft, writing—review and editing; P.K.:
conceptualization, data curation, formal analysis, investigation, methodology, software, validation, visualization, writing—original draft;
B.M.: conceptualization, data curation, formal analysis, investigation, methodology, software, validation, visualization; T.G.: formal analysis,
investigation, visualization, writing—original draft; F.B.: conceptualization, data curation, formal analysis, funding acquisition, investigation,

1

0.8

0.6

0.4

0.2

0

2

1.8

1.6

1.2

1.4

1

0.8

0.6

0 1 2

Coreless ray

FE models

Experiments

Lower

Higher

3

S/Scoreless

Qcoreless

Q

4 5 6

κ (1)/κ (1)
coreless

Ech0
4

(EI)h

Ech0
4

(EI)h

Figure 13. Performance map showing the morphing compliance Q, the flexural stiffness S and the first moment of curvature κ(1), from FE models and from
experiments. All properties are normalized by the properties of the coreless design.

11

royalsocietypublishing.org/journal/rsfs 
Interface Focus 14: 20230072

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 J

un
e 

20
24

 



methodology, project administration, resources, software, supervision, validation, visualization, writing—original draft, writing—review and
editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.
Acknowledgements. This research was supported by the College of Engineering and the Department of Mechanical Engineering at the University of
Colorado Boulder. B.M. contributed to this project through a research internship sponsored by Ecole Polytechnique.

References
1. Ajaj RM, Beaverstock CS, Friswell MI. 2016 Morphing aircraft: the need for a new design philosophy. Aerosp. Sci. Technol. 49, 154–166. (doi:10.1016/j.ast.2015.11.039)
2. Bertoldi K, Vitelli V, Christensen J, van Hecke M. 2017 Flexible mechanical metamaterials. Nat. Rev. Mater. 2, 1–11. (doi:10.1038/natrevmats.2017.66)
3. Frenzel T, Kadic M, Wegener M. 2017 Three-dimensional mechanical metamaterials with a twist. Science 358, 1072–1074. (doi:10.1126/science.aao4640)
4. Coulais C, Teomy E, de Reus K, Shokef Y, van Hecke M. 2016 Combinatorial design of textured mechanical metamaterials. Nature 535, 529–532. (doi:10.1038/nature18960)
5. Celli P, McMahan C, Ramirez B, Bauhofer A, Naify C, Hofmann D, Audoly B, Daraio C. 2018 Shape-morphing architected sheets with non-periodic cut patterns. Soft Matter 14, 9744–

9749. (doi:10.1039/c8sm02082e)
6. Restrepo D, Mankame ND, Zavattieri PD. 2015 Phase transforming cellular materials. Extreme Mech. Lett. 4, 52–60. (doi:10.1016/j.eml.2015.08.001)
7. Hawkes E, An B, Benbernou NM, Tanaka H, Kim S, Demaine ED, Rus D, Wood RJ. 2010 Programmable matter by folding. Proc. Natl. Acad. Sci. USA 107, 12441–12445. (doi:10.1073/

pnas.0914069107)
8. Cho Y et al. 2014 Engineering the shape and structure of materials by fractal cut. Proc. Natl. Acad. Sci. USA 111, 17390–17395. (doi:10.1073/pnas.1417276111)
9. Jeon SJ, Hauser AW, Hayward RC. 2017 Shape-morphing materials from stimuli-responsive hydrogel hybrids. Acc. Chem. Res. 50, 161–169. (doi:10.1021/acs.accounts.6b00570)
10. Reyssat E, Mahadevan L. 2009 Hygromorphs: from pine cones to biomimetic bilayers. J. R. Soc. Interface 6, 951–957. (doi:10.1098/rsif.2009.0184)
11. Siéfert E, Reyssat E, Bico J, Roman B. 2019 Bio-inspired pneumatic shape-morphing elastomers. Nat. Mater. 18, 24–28. (doi:10.1038/s41563-018-0219-x)
12. Guiducci L, Fratzl P, Bréchet YJM, Dunlop JWC. 2014 Pressurized honeycombs as soft-actuators: a theoretical study. R. Soc. Interface 11, 20140458. (doi:10.1098/rsif.2014.0458)
13. Benjeddou A. 2007 Shear-mode piezoceramic advanced materials and structures: a state of the art. Mech. Adv. Mater. Struct. 14, 263–275. (doi:10.1080/15376490600809336)
14. Rediniotis OK, Wilson LN, Lagoudas DC, Khan MM. 2002 Development of a shape-memory-alloy actuated biomimetic hydrofoil. J. Intell. Mater. Syst. Struct. 13, 35–49. (doi:10.1177/

1045389X02013001534)
15. Hannard F, Mirkhalaf M, Ameri A, Barthelat F. 2021 Segmentations in fins enable large morphing amplitudes combined with high flexural stiffness for fish-inspired robotic

materials. Sci. Robot. 6, eabf9710. (doi:10.1126/scirobotics.abf9710)
16. Alben S, Madden PG, Lauder GV. 2007 The mechanics of active fin-shape control in ray-finned fishes. R. Soc. Interface 4, 243–256. (doi:10.1098/rsif.2006.0181)
17. Thill C, Etches J, Bond I, Potter K, Weaver P. 2008 Morphing skins. Aeronaut. J. 112, 117–139. (doi:10.1017/S0001924000002062)
18. Maute K, Reich GW. 2006 Integrated multidisciplinary topology optimization approach to adaptive wing design. J. Aircr. 43, 253–263. (doi:10.2514/1.12802)
19. Boston DM, Phillips FR, Henry TC, Arrieta AF. 2022 Spanwise wing morphing using multistable cellular metastructures. Extreme Mech. Lett. 53, 101706. (doi:10.1016/j.eml.2022.

101706)
20. Woods BK, Bilgen O, Friswell MI. 2014 Wind tunnel testing of the fish bone active camber morphing concept. J. Intell. Mater. Syst. Struct. 25, 772–785. (doi:10.1177/

1045389X14521700)
21. Wu R, Soutis C, Zhong S, Filippone A. 2017 A morphing aerofoil with highly controllable aerodynamic performance. Aeronaut. j 121, 54–72. (doi:10.1017/aer.2016.113)
22. Jenett B, Calisch S, Cellucci D, Cramer N, Gershenfeld N, Swei S, Cheung KC. 2017 Digital morphing wing: active wing shaping concept using composite lattice-based cellular

structures. Soft Robot. 4, 33–48. (doi:10.1089/soro.2016.0032)
23. Meyer P, Lück S, Spuhler T, Bode C, Hühne C, Friedrichs J, Sinapius M. 2021 Transient dynamic system behavior of pressure-actuated cellular structures in a morphing wing.

Aerospace 8, 89. (doi:10.3390/aerospace8030089)
24. Cramer NB et al. 2019 Elastic shape morphing of ultralight structures by programmable assembly. Smart Mater. Struct. 28, 055006. (doi:10.1088/1361-665X/ab0ea2)
25. Videler JJ. 1993 Fish swimming. Dordrecht, The Netherlands: Springer. (doi:10.1007/978-94-011-1580-3). See http://link.springer.com/10.1007/978-94-011-1580-3.
26. Videler JJ, Geerlink PJ. 1987 The relation between structure and bending properties of teleost fin rays. Neth. J. Zool. 37, 59–80. (doi:10.1163/002829687X00044)
27. Aiello BR, Hardy AR, Cherian C, Olsen AM, Orsbon CP, Hale ME, Westneat MW. 2018 A comparison of pectoral fin ray morphology and its impact on fin ray flexural stiffness in

labriform swimmers. J. Morphol. 279, 1031–1044. (doi:10.1002/jmor.20830)
28. Das S, Hannard F, Barthelat F. 2023 Mechanics and properties of fish fin rays in nonlinear regimes of large deformations. Acta Biomater. 167, 171–181, (doi:10.1016/j.actbio.2023.

06.029)
29. Taft NK, Taft BN. 2012 Functional implications of morphological specializations among the pectoral fin rays of the benthic longhorn sculpin. J. Exp. Biol. 215, 2703–2710. (doi:10.

1242/jeb.063958)
30. McCutchen CW. 1970 The trout tail fin: a self-cambering hydrofoil. J. Biomech. 3, 271–281. (doi:10.1016/0021-9290(70)90029-1)
31. White CH, Lauder GV, Bart-Smith H. 2021 Tunabot Flex: a tuna-inspired robot with body flexibility improves high-performance swimming. Bioinspir. Biomim. 16, 026019. (doi:10.

1088/1748-3190/abb86d)
32. Curet OM, Patankar NA, Lauder GV, MacIver MA. 2011 Mechanical properties of a bio-inspired robotic knifefish with an undulatory propulsor. Bioinspir. Biomim. 6, 026004. (doi:10.

1088/1748-3182/6/2/026004)
33. Zhang CW, Zou W, Yu HC, Hao XP, Li G, Li T, Yang W, Wu ZL, Zheng Q. 2022 Manta ray-inspired soft robot fish with tough hydrogels as structural elements. ACS Appl. Mater. Interfaces

14, 52430–52439. (doi:10.1021/acsami.2c17009)
34. Osorio JC, Tinsley C, Tinsley K, Arrieta AF. 2023 Manta ray inspired multistable soft robot. In 2023 IEEE Int. Conf. on Soft Robotics (RoboSoft), Singapore, pp. 1–6. Piscataway, NJ: IEEE.

(doi:10.1109/RoboSoft55895.2023.10122038)
35. Zhu Q, Cai Y, Ding R, Ren Z, Wang T, Wen L. 2014 Bio-inspired flexible robotic caudal fin with three-dimensional locomotion. In 2014 11th World Congr. on Intelligent Control and

Automation (WCICA), Shenyang, China, pp. 1881–1886. Piscataway, NJ: IEEE. (doi:10.1109/WCICA.2014.7053007)
36. Park SJ et al. 2016 Phototactic guidance of a tissue-engineered soft-robotic ray. Science 353, 158–162. (doi:10.1126/science.aaf4292)

12

royalsocietypublishing.org/journal/rsfs 
Interface Focus 14: 20230072

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 J

un
e 

20
24

 

http://dx.doi.org/10.1016/j.ast.2015.11.039
http://dx.doi.org/10.1038/natrevmats.2017.66
http://dx.doi.org/10.1126/science.aao4640
http://dx.doi.org/10.1038/nature18960
http://dx.doi.org/10.1039/c8sm02082e
http://dx.doi.org/10.1016/j.eml.2015.08.001
http://dx.doi.org/10.1073/pnas.0914069107
http://dx.doi.org/10.1073/pnas.0914069107
http://dx.doi.org/10.1073/pnas.1417276111
http://dx.doi.org/10.1021/acs.accounts.6b00570
http://dx.doi.org/10.1098/rsif.2009.0184
http://dx.doi.org/10.1038/s41563-018-0219-x
http://dx.doi.org/10.1098/rsif.2014.0458
http://dx.doi.org/10.1080/15376490600809336
http://dx.doi.org/10.1177/1045389X02013001534
http://dx.doi.org/10.1177/1045389X02013001534
http://dx.doi.org/10.1126/scirobotics.abf9710
http://dx.doi.org/10.1098/rsif.2006.0181
http://dx.doi.org/10.1017/S0001924000002062
http://dx.doi.org/10.2514/1.12802
http://dx.doi.org/10.1016/j.eml.2022.101706
http://dx.doi.org/10.1016/j.eml.2022.101706
http://dx.doi.org/10.1177/1045389X14521700
http://dx.doi.org/10.1177/1045389X14521700
http://dx.doi.org/10.1017/aer.2016.113
http://dx.doi.org/10.1089/soro.2016.0032
http://dx.doi.org/10.3390/aerospace8030089
http://dx.doi.org/10.1088/1361-665X/ab0ea2
http://dx.doi.org/10.1007/978-94-011-1580-3
http://link.springer.com/10.1007/978-94-011-1580-3
http://dx.doi.org/10.1163/002829687X00044
http://dx.doi.org/10.1002/jmor.20830
http://dx.doi.org/10.1016/j.actbio.2023.06.029
http://dx.doi.org/10.1016/j.actbio.2023.06.029
http://dx.doi.org/10.1242/jeb.063958
http://dx.doi.org/10.1242/jeb.063958
http://dx.doi.org/10.1016/0021-9290(70)90029-1
http://dx.doi.org/10.1088/1748-3190/abb86d
http://dx.doi.org/10.1088/1748-3190/abb86d
http://dx.doi.org/10.1088/1748-3182/6/2/026004
http://dx.doi.org/10.1088/1748-3182/6/2/026004
http://dx.doi.org/10.1021/acsami.2c17009
http://dx.doi.org/10.1109/RoboSoft55895.2023.10122038
http://dx.doi.org/10.1109/WCICA.2014.7053007
http://dx.doi.org/10.1126/science.aaf4292


37. Coral W, Rossi C, Martin IP. 2015 Bio-inspired morphing caudal fin using shape memory alloy composites for a fish-like robot: design, fabrication and analysis. In 12th Int. Conf. on
Informatics in Control, Automation and Robotics (ICINCO), vol. 2, pp. 336–343, Laxenburg, Austria: IFAC.

38. Hou T, Yang X, Su H, Jiang B, Chen L, Wang T, Liang J. 2019 Design and experiments of a squid-like aquatic-aerial vehicle with soft morphing fins and arms. In ICRA 2019—IEEE Int.
Conf. on Robotics and Automation, Montreal, Canada, pp. 4681–4687. Piscataway, NJ: IEEE. (doi:10.1109/ICRA.2019.8793702)

39. Chen D, Wu Z, Dong H, Meng Y, Yu J. 2023 Platform development and gliding optimization of a robotic flying fish with morphing pectoral fins. Bioinspir. Biomim. 18, 036010. (doi:
10.1088/1748-3190/acce86)

40. Li L et al. 2022 Aerial-aquatic robots capable of crossing the air–water boundary and hitchhiking on surfaces. Sci. Robot. 7, eabm6695. (doi:10.1126/scirobotics.abm6695)
41. Bozkurttas M, Tangorra J, Lauder G, Mittal R. 2008 Understanding the hydrodynamics of swimming: from fish fins to flexible propulsors for autonomous underwater vehicles. Adv.

Sci. Technol. 58, 193–202. (doi:10.4028/www.scientific.net/AST.58.193)
42. Randeni S, Sacarny M, Benjamin M, Triantafyllou M. Morpheus: an A-sized AUV with morphing fins and algorithms for agile maneuvering. arXiv 2212.11692. (doi:10.48550/arXiv.

2212.11692)
43. Tangorra JL, Davidson SN, Hunter IW, Madden PGA, Lauder GV, Dong H, Bozkurttas M, Mittal R. 2007 The development of a biologically inspired propulsor for unmanned

underwater vehicles. IEEE J. Oceanic Eng. 32, 533–550. (doi:10.1109/JOE.2007.903362)
44. Wainwright DK, Lauder GV. 2020 Tunas as a high-performance fish platform for inspiring the next generation of autonomous underwater vehicles. Bioinspir. Biomim. 15, 035007.

(doi:10.1088/1748-3190/ab75f7)
45. Randeni S, Mellin EM, Sacarny M, Cheung S, Benjamin M, Triantafyllou M. 2022 Bioinspired morphing fins to provide optimal maneuverability, stability, and response to turbulence

in rigid hull AUVs. Bioinspir. Biomim. 17, 036012. (doi:10.1088/1748-3190/ac5a3d)
46. Triantafyllou MS, Winey N, Trakht Y, Elhassid R, Yoerger D. 2020 Biomimetic design of dorsal fins for AUVs to enhance maneuverability. Bioinspir. Biomim. 15, 035003. (doi:10.1088/

1748-3190/ab6708)
47. Tangorra JL, Davidson SN, Madden PG, Lauder GV, Hunter IW. 2006 A biorobotic pectoral fin for autonomous undersea vehicles. In 2006 Int. Conf. of the IEEE Engineering in Medicine

and Biology Society, New York, NY, pp. 2726–2729. Piscataway, NJ: IEEE. (doi:10.1109/IEMBS.2006.260834). https://doi.org/10.1109/IEMBS.2006.260834.
48. Mignano AP, Kadapa S, Tangorra JL, Lauder GV. 2019 Passing the wake: using multiple fins to shape forces for swimming. Biomimetics (Basel). 4, 23. (doi:10.3390/

biomimetics4010023)
49. Yang Y, Jin K, Zhu H, Song G, Lu H, Kang L. A 3D-printed fin ray effect-inspired soft robotic gripper with force feedback. Micromachines (Basel) 12, 1141. (doi:10.3390/mi12101141)
50. Shin JH, Park JG, Kim DI, Yoon HS. 2021 A universal soft gripper with the optimized fin ray finger. Int. J. of Precis. Eng. and Manuf.-Green Tech 8, 889–899. (doi:10.1007/s40684-021-

00348-1)
51. Crooks W, Vukasin G, O’Sullivan M, Messner W, Rogers C. 2016 Fin Ray® effect inspired soft robotic gripper: from the RoboSoft Grand Challenge toward optimization. Front. Robot. AI

3. (doi:10.3389/frobt.2016.00070)
52. Chen R, Song R, Zhang Z, Bai L, Liu F, Jiang P, Sindersberger D, Monkman GJ, Guo J. 2019 Bio-inspired shape-adaptive soft robotic grippers augmented with electroadhesion

functionality. Soft Robot. 6, 701–712. (doi:10.1089/soro.2018.0120)
53. ASTM International. Standard test methods for vulcanized rubber and thermoplastic elastomers—tens. See https://www.astm.org/d0412-16r21.html (accessed 4 February 2024).
54. ISO. ISO 37:2017. See https://www.iso.org/standard/68116.html (accessed 9 March 2024).
55. Pratt V. 1987 Direct least-squares fitting of algebraic surfaces. In SIGGRAPH ’87, pp. 145–152. New York, NY: Association for Computing Machinery. (doi:10.1145/37401.37420).

https://dl.acm.org/doi/proceedings/10.1145/37401.
56. Yokota K, Barthelat F. 2023 Stiff bioinspired architectured beams bend Saint-Venant’s principle and generate large shape morphing. Int. J. Solids Struct. 274, 112270. (doi:10.1016/j.

ijsolstr.2023.112270)
57. Gao T, Siéfert E, DeSimone A, Roman B. 2020 Shape programming by modulating actuation over hierarchical length scales. Adv. Mater. Weinheim 32, e2004515. (doi:10.1002/adma.

202004515)
58. Gao T, Bico J, Roman B. 2023 Pneumatic cells toward absolute Gaussian morphing. Science 381, 862–867. (doi:10.1126/science.adi2997)
59. Baillargeon BP, Vel SS. 2005 Active vibration suppression of sandwich beams using piezoelectric shear actuators: experiments and numerical simulations. J. Intell. Mater. Syst. Struct.

16, 517–530. (doi:10.1177/1045389X05053154)
60. Flammang BE. 2014 The fish tail as a derivation from axial musculoskeletal anatomy: an integrative analysis of functional morphology. Zoology (Jena). 117, 86–92, (doi:10.1016/j.

zool.2013.10.001)
61. Stewart TA, Lemberg JB, Taft NK, Yoo I, Daeschler EB, Shubin NH. 2020 Fin ray patterns at the fin-to-limb transition. Proc. Natl Acad. Sci. USA 117, 1612–1620. (doi:10.1073/pnas.

1915983117)

13

royalsocietypublishing.org/journal/rsfs 
Interface Focus 14: 20230072

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 J

un
e 

20
24

 

http://dx.doi.org/10.1109/ICRA.2019.8793702
http://dx.doi.org/10.1088/1748-3190/acce86
http://dx.doi.org/10.1126/scirobotics.abm6695
http://dx.doi.org/10.4028/www.scientific.net/AST.58.193
http://dx.doi.org/10.48550/arXiv.2212.11692
http://dx.doi.org/10.48550/arXiv.2212.11692
http://dx.doi.org/10.1109/JOE.2007.903362
http://dx.doi.org/10.1088/1748-3190/ab75f7
http://dx.doi.org/10.1088/1748-3190/ac5a3d
http://dx.doi.org/10.1088/1748-3190/ab6708
http://dx.doi.org/10.1088/1748-3190/ab6708
http://dx.doi.org/10.1109/IEMBS.2006.260834
https://doi.org/10.1109/IEMBS.2006.260834
http://dx.doi.org/10.3390/biomimetics4010023
http://dx.doi.org/10.3390/biomimetics4010023
http://dx.doi.org/10.3390/mi12101141
http://dx.doi.org/10.1007/s40684-021-00348-1
http://dx.doi.org/10.1007/s40684-021-00348-1
http://dx.doi.org/10.3389/frobt.2016.00070
http://dx.doi.org/10.1089/soro.2018.0120
https://www.astm.org/d0412-16r21.html
https://www.iso.org/standard/68116.html
http://dx.doi.org/10.1145/37401.37420
https://dl.acm.org/doi/proceedings/10.1145/37401
http://dx.doi.org/10.1016/j.ijsolstr.2023.112270
http://dx.doi.org/10.1016/j.ijsolstr.2023.112270
http://dx.doi.org/10.1002/adma.202004515
http://dx.doi.org/10.1002/adma.202004515
http://dx.doi.org/10.1126/science.adi2997
http://dx.doi.org/10.1177/1045389X05053154
http://dx.doi.org/10.1016/j.zool.2013.10.001
http://dx.doi.org/10.1016/j.zool.2013.10.001
http://dx.doi.org/10.1073/pnas.1915983117
http://dx.doi.org/10.1073/pnas.1915983117

	Stiff morphing composite beams inspired from fish fins
	1. Introduction
	2. Synthetic fin ray: design and fabrication
	3. Mechanical testing
	4. Finite element model and design exploration
	4.1. Morphing curvature
	4.2. Morphing compliance
	4.3. Flexural stiffness
	4.4. Multi-objective plots

	5. Conclusion


