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Biology is a wellspring of inspiration in engineering design. This paper
delves into the application of elastic instabilities—commonly used in
biological systems to facilitate swift movement—as a power-amplification
mechanism for soft robots. Specifically, inspired by the nonlinear mechanics
of the hummingbird beak—and shedding further light on it—we design,
build and test a novel, rapid-response, soft end effector. The hummingbird
beak embodies the capacity for swift movement, achieving closure in
less than 10ms. Previous work demonstrated that rapid movement
is achieved through snap-through deformations, induced by muscular
actuation of the beak’s root. Using nonlinear finite element simulations
coupled with continuation algorithms, we unveil a representative portion
of the equilibrium manifold of the beak-inspired structure. The exploration
involves the application of a sequence of rotations as exerted by the
hummingbird muscles. Specific emphasis is placed on pinpointing and
tailoring the position along the manifold of the saddle-node bifurcation
at which the onset of elastic instability triggers dynamic snap-through.
We show the critical importance of the intermediate rotation input
in the sequence, as it results in the accumulation of elastic energy
that is then explosively released as kinetic energy upon snap-through.
Informed by our numerical studies, we conduct experimental testing on a
prototype end effector fabricated using a compliant material (thermoplastic
polyurethane). The experimental results support the trends observed
in the numerical simulations and demonstrate the effectiveness of the
bio-inspired design. Specifically, we measure the energy transferred by the
soft end effector to a pendulum, varying the input levels in the sequence
of prescribed rotations. Additionally, we demonstrate a potential robotic
application in scenarios demanding explosive action. From a mechanics
perspective, our work sheds light on how pre-stress fields can enable
swift movement in soft robotic systems with the potential to facilitate high
input-to-output energy efficiency.

1. Introduction

Explosive behaviours, such as jumping, striking, throwing and kicking,
require high-power actuators to generate high accelerations [1]. Soft-bodied
robots are limited in their performance of such tasks by the low power
density of current artificial muscles [2]. Biological systems overcome the
limited power density of their muscles by, for example, combining elastic
elements with latching mechanisms that allow the slow build-up and rapid
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release of elastic energy [3,4]. Structural instabilities are another effective mechanism to enable rapid motion or shape adapta- [ 2 |

tion [5-10]. Many of the systems exploiting instabilities to achieve rapid motion use simple and well-understood components,
such as bistable beams or shells, and employ their canonical snap-through instabilities [11]. Accurate mathematical models have
been developed to describe the nonlinear mechanics of these snap-through systems and, utilizing advanced materials [12] and
actuation methods [13], to design rapid shape adaptation into engineering devices. Engineering structures that exploit buckling
instabilities for functionality have been encapsulated under the rubric of “well-behaved nonlinear structures’ [14] or under the
paradigm of buckliphilia [15]. Even though engineering systems based on bistable or multi-stable shells or post-buckled beams
are coming to fruition [16], the mechanics governing many of their biological counterparts remains to be understood owing
to their complexity in topology, material arrangement, applied loading/actuation and/or non-trivial bifurcation manifolds [17].
This lack of understanding limits their suitability for bio-inspired design. In this paper, we focus on the nonlinear mechanics of
the rapidly closing beak of the hummingbird, which, as shown in figure 14, shuts in merely 10 ms [5] —the proverbial ‘blink of
an eye’.

To the best of the authors” knowledge, Smith et al. [5] were the first to describe the nonlinear mechanics of the swift closure
of the hummingbird beak. In [5], the authors demonstrate that swift beak closure is achieved mainly through rapid movement
of the lower jaw, which is depicted in figure 1b. They looked into the anatomical structure of the beak, focusing on the
cross-sectional profile of the lower jaw, and identified that the structure is particularly compliant in the spanwise direction and
stiffer in the orthogonal direction. Based on this observation, Smith et al. proposed a paper model that mirrors the mechanics
of the hummingbird’s jaw, as shown in figure 1c. The complexity of the muscle action was simplified and reduced to three
separate, sequential actuation steps, i.e. three rotations applied at the two roots of the beak: (i) a twisting motion about the
axis of the beak, see figure 1c—(2); followed by (ii) an in-plane rotation, see figure 1c—(3); and finally (iii) a twist-back step
that induces the dynamic snap-through instability, see figure 1c—(4) and (5). Based on insights from the paper model, Smith et
al. [5] developed an illustrative mechanical model comprising rigid rods connected by hinges and torsional springs. Deriving
the governing equations for the simplified model, its equilibrium manifold was determined using numerical continuation.
This result revealed that the first two actuation steps introduce pre-stresses and stored elastic energy in the system, which is
then released and converted into kinetic energy in the third step. In particular, the rotation introduced in the second step is
crucial for creating a total potential energy surface with two wells, i.e. bistability. As is required for bistability, the two stable
equilibria are separated by an energy barrier, which results in a saddle-node bifurcation in load-displacement space and, in
turn, in fast snap-through dynamics. Smith et al. demonstrated the actuation and the snap-through instability of the beak
phenomenologically, by means of simplified models. While these simple and elegant models can provide qualitative insight into
the underlying mechanics of the hummingbird beak, their simplified nature limits their applicability for designing engineering
systems that exploit the same mechanics. Hence, for the design of beak-inspired devices, a more representative numerical model
is required. Interestingly, much effort has been placed on developing simpler shape-shifting systems, such as ‘hair clip’-inspired
structures [18-20], which have many commonalities with the hummingbird beak but also reduced complexity in morphology
and actuation. These systems operate under the general principle of ‘stiffness tailoring’ [12], whereby the nonlinear structural
responses are tailored through bespoke pre-stress fields. This design philosophy has been widely used in laminated composite
structures, exploiting differential thermal expansion between layers to induce multi-stability [14,21-23].

Our objective herein is to design a fast-response soft end effector, inspired by the snap-through mechanics of the humming-
bird beak, which exploits the aforementioned concept of pre-stress enabled bistability. Both the morphology and input sequence
applied to trigger snap through mirror the biomechanics of the hummingbird beak. To design the end effector, we develop
a parametric finite element (FE) model that is used to tailor the bifurcation manifold that governs the snap-through event.
Using the nonlinear solver in Abaqus CAE, we study the key actuation input affecting the response of the beak-like structure
and its energy efficiency in terms of kinetic energy released upon snap-through as a ratio of the actuation energy supplied.
A prototype soft-matter end effector is then manufactured and tested to validate the developed FE model and to demonstrate
the programmable release of kinetic energy through elastic tailoring. As such, the present work provides direct guidance for
designing fast-response soft end effectors that exploit snap-through mechanics. Furthermore, the insights provided by the
FE models help to explain the biomechanics of hummingbird beaks, such as the greater energy efficiency of snap-through
compared with snap-back of this particular morphology.

The rest of the paper is structured as follows. Section 2 provides details on the geometry of the beak model, the FE model
development and the analysis procedure. In §3, parametric sensitivity studies are presented to: (i) identify the key actuation
parameters governing the behaviour of the beak-inspired structure; and (ii) quantify its input-to-output energy efficiency.
Section 4 presents a three-dimensional printed prototype end effector, made of thermoplastic polyurethane. The snap-through
behaviour of the end effector is experimentally demonstrated and correlated against FE design predictions. Section 5 then
presents two demonstrator examples of the developed end effector within a soft robotics context; first as a striking application
and then as a catapult. We discuss the results in §6 and draw conclusions in §7.

2. Method

2.1. Geometry and actuation of the beak-inspired structure

Figure 2 presents the geometry of the hummingbird beak-inspired model as originally developed by Smith et al. [5]. The
geometry is symmetric about the y—z plane. The model reflects the key geometric parameters and bending stiffness characteris-
tics of the lower jaw of the hummingbird beak shown in figure 1b. The baseline geometry is described using the width, B, and
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Figure 1. (a) The fast closure of the lower jaw of the hummingbird beak while capturing an insect. (1) Reference state; (2) the root of the beak is twisted; (3) the root
of the beak is rotated at constant twist; (4) the root of the beak is twisted back at constant rotation; (5) the beak shuts via snap-buckling. (b) A lateral view of a cleared
and stained hummingbird skull (red, bone; blue, cartilage) with cross-sections at four locations. The lower jaw of the beak comprises two branches, with high vertical
bending stiffness but low horizontal bending stiffness. (c) Representative model of the hummingbird lower jaw based on a folded piece of paper. Square holes near
the roots are present as a reference, but do not affect the model performance. (1) Side view (folded flat). (I1) Top view (opened up). (1)—(5) Flexion and snap sequence
produced by twisting and rotating the roots of the paper model. (1) Reference configuration. (2) The roots are twisted out. (3) The roots are rotated while twist remains
unchanged. (4) The rotation is held fixed while the roots are partially twisted back. The paper model snaps between panels (4) and (5). (5) The roots remain rotated
out. By rotating the roots back, the structure returns to the reference configuration. Photos (g, b) courtesy of Prof. Matthew L. Smith from Hope College, USA. Photo
(c) is reproduced from Smith et al. [5] with the authors permission.

height, H,, of the root section; the overall length, L; total height, H; and the length of the tip connection, Lip; with specific values
shown in table 1. A parametric study was conducted to examine the effect of geometric scaling. It was found that the overall
response of the beak is qualitatively unchanged when all dimensions are scaled by the same amount. Further details on scaling
can be found in the electronic supplementary material, together with a .st1 file of the model.

The physical prototypes manufactured for testing are made of Stratasys FDM TPU (thermoplastic polyurethane) 92A. For the
purpose of FE analyses, the material is assumed to be linearly elastic and isotropic, with Young’s modulus E and Poisson’s ratio
v of 15.3 MPa [24] and 0.48, respectively. While a neo-Hookean material model was also considered, the quantitative differences
were negligible compared with using a St Venant-Kirchhoff material law.

As mentioned in §1, Smith et al. [5] identified an actuation sequence, with moments applied at the beak’s root-sections, to
trigger snap-through. The sequence consists of three steps as shown in figure 2d:

Step 1: Twist the root-sections about the y-axis (Epe).
Step 2: Rotate the root-sections about the z-axis (wpre).
Step 3: Twist-back the root-sections about the y-axis ().

Note that, throughout the actuation sequence, all rotations are always defined about the global coordinate axes. In each step,
only one rotation is applied while the others remain constant. With appropriate amount of twist and rotation in steps 1 and 2,
the beak undergoes snap-through in the third twist-back step. Hence, from the viewpoint of elastic tailoring [12], the first two
steps are required to introduce a pre-stress field that induces the desired nonlinear response upon twist-back. For this reason,
we name the first two steps ‘pre-twist” and ‘pre-rotation’, respectively. The state after pre-twist and pre-rotation is henceforth
referred to as the initial state. The actuation step that induces the desired action, i.e. snap-through, is the twist-back step (variable
0).

2.2. Finite element model development and solution technique

An FE model of the beak-inspired structure is developed within the commercial FE solver Abaqus CAE. To save computational
effort, we adopt symmetry boundary conditions at the tip of the beak and only model one branch. Note that imposing this
symmetry does not remove any symmetry breaking bifurcation (i.e. symmetry breaking bifurcations do not occur for the full
model). The symmetric boundary conditions are set to reflect the compliance of the fold line at the tip of structure. That is to
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Figure 2. Geometry of the hummingbird beak model and the definition of the actuation inputs at the root section. (a) Three-dimensional view. Note the overall beak
geometry is symmetric about the y—z plane. (b) Top view. We define the beak segment in the positive x-axis regime as the right branch and the beak segment in the
negative x-axis regime as the left branch. (c) Side view of the right branch. The red dot at the tip of the beak is used in FE simulations and experimental tests as metric
to quantify the deformation of the beak. (d) The actuation inputs at the root section. The double arrows represent the direction of the moment based on the right-hand
rule.

Table 1. Geometric parameters of the beak as defined in figure 2. All dimensions in mm.

Total height H 323
He|ghtoftherootsect|on ............................................... - e i
i L T
e Iength ................................................................ i i
T|p|ength ................................................................... Lt ,p ................................................................... L
Topar( ) - mp .................................................................. i
e . bOt .................................................................. T
L L i

say, the fold line must remain in the y-z plane upon deformation but its geometry can change as the material along and around
the fold deforms from its as-manufactured geometry. No additional stiffness was introduced at the fold line. Such modelling
approach is widely used and validated for slender, thin-walled structures, where sections or even stiffeners are formed via folds
[25].

A pre-processing script was developed to generate structured and uniform meshes with both shell (54R) and solid (C3D8R)
elements. A preliminary study on the accuracy of the FE models was conducted to identify the minimum required discretization
fidelity. It was found that shell elements accurately depict the snap-through behaviour when compared with the higher fidelity
solid elements. To save computational expense, shell element models were thus used for the ensuing phases of the study.
Further details of the model can be found in the electronic supplementary material of this article. Mesh sensitivity studies were
also conducted to determine a good element size to balance accuracy and computational effort, while guaranteeing converged
results. For the baseline geometry with uniform rectangular cross-section, a mesh density of 30 shell elements in the z-direction
yields converged results.

To apply rotations at the root-section, a reference point is placed at its centroid, see the red squares in figure 2d. This point
is then linked to the other nodes along the same boundary via rigid body kinematic coupling. This constraint ensures that
rotations applied at the reference point are uniformly transmitted to the entire root-section [26]. Referring to the coordinate
system defined in figure 2, all translational degrees of freedom (d.f.s) of the reference point and its rotation about the x-axis
are restrained. We adopt these ideal boundary conditions in the numerical analysis in §3 to unveil the governing mechanics of
the beak-inspired structure. However, such boundary conditions are not easily implemented in an experimental set-up. In the
experiments, we adopt a fixture to rigidly connect the root of the beak-inspired structure to the driving actuator. This fixture
catches 15 mm of the beak-inspired structure at the root, constraining it to move almost rigidly. While changing the effective
length of the beak in comparison with the idealized model of §3, this approach ensures that all the rotation input axes continue
to pass through the root-section’s centroid, as shown in figure 2d. For accurate comparison with the experiments, the FE model
is adapted accordingly, with the embedded parts constrained to move like rigid bodies with the root sections, where actuation
inputs are applied as in the ideal model.

The response of the beak throughout the actuation sequence is traced using the multi-step analysis functionality in
Abaqus. The effects of geometric nonlinearity are included by turning on the Nlgeom option in the solver. The rotational
inputs are applied quasi-statically. The pre-twist and pre-rotation steps are solved using Abaqus’ Static General solver. The
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final twist-back step, where snap-through may occur, is solved using the static arc-length Riks solver [27] or the implicit “

dynamic solver with numerical damping to obtain quasi-static solutions. The static Riks solver can trace the complete unstable
equilibrium path beyond the limit point (snap-through-inducing saddle-node bifurcation), while the implicit dynamic solver
reproduces the snap-through behaviour observed in experimental tests. Note that in the implicit dynamic solver, we adopt the
quasi-static setting with the keyword *Dynamic, application = QUASI-STATIC,initial = NO. This setting introduces
significant numerical damping and removes the high-frequency dynamic component of the structural response, making it
almost equivalent to a static analysis. Consequently, the velocities obtained from the numerical simulation do not directly
reflect the actual velocities observed in the experiment. The quasi-static FE simulation focuses on revealing the beak-inspired
structure’s nonlinear mechanics, while the dynamic behaviour induced by snap-through instability will be investigated using an
experimental approach in §4.

3. Numerical results

In this section, we investigate how the pre-stress field introduced via pre-twist and pre-rotation affects the beak’s twist-back
versus tip displacement equilibrium manifold, as well as the strain energy that is stored and then released upon snap-through.
Previous work by Smith et al. [5] using a simplified analytical model has qualitatively demonstrated the equilibrium manifold of
the beak structure under combined rotational actuation inputs (twist and rotation) and identified a folded equilibrium surface.
Their findings unveil that the sequential pre-twist and pre-rotation inputs serve to move the beak from the lower to the upper
surface of folded manifold. Notably, pre-rotation plays a more critical role in the energy release and fast response of the beak
structure, compared with pre-twist. Our numerical study corroborates these observations. Moreover, we find that excessive
pre-twist reduces the energy released. Therefore, our work focuses on the effects of pre-rotation on the beak’s behaviour. Details
of a sensitivity study into pre-twist are provided in the electronic supplementary material.

3.1. Effect of the pre-actuation steps on the twist-back versus tip displacement equilibrium manifold

The beak-inspired structure remains statically stable (no negative eigenvalues in the tangent stiffness matrix as reported in
the .msg file of Abaqus) throughout the pre-stressing steps (pre-twist and pre-rotation). We therefore focus on analysing the
stability of the structure through the twist-back actuation step, which, conversely, features the dynamic snap-through that
enables swift movement.

Figure 3a presents twist-back versus tip displacement equilibrium paths of the beak-inspired structure under twist-back
actuation 6, for constant pre-twist Opr. =2rad and pre-rotation inputs wpre = {0.1,0.2,0.3,0.4,0.5} rad. The choice of 6 =2 rad
strikes a balance between efficiency and mitigating the effects of potential manufacturing imperfections.! Note that 0 represents
the incremental twist angle from the initial state (after application pre-twist and pre-rotation), rather than an absolute angle. For
each curve, the output displacement measure is taken to be the vertical (z-axis) direction component of the displacement at the
tip of the beak (wyp).

For increasing wp., the beak transitions from an entirely stable response (e.g. wpre = 0.1rad) to increasingly complex nonlinear
and hysteretic behaviour. Pairs of limit points appear along the equilibrium paths, the number of which increases for increasing
wpre- BEach additional pair of limit points corresponds to an additional ‘loop” in the unstable portion of the equilibrium path.
The deformation profile of these unstable states corresponds to highly undulating bending modes along the beak, resembling
the behaviour observed in snap-through arches under transverse loading [28,29]. Note that while these additional pairs of limit
points were not observed in the simplified bar-spring model by Smith ef al. [5], they do not lead to additional stable equilibria
and therefore have little effect on the observed performance of the beak-inspired structure apart from corresponding to greater
release of strain energy upon the loss of stability. As it is the limit points where exchange of stability occurs (stable to unstable
and vice versa) that are important for the onset of dynamic snap-through, only these limit points are highlighted in figure 3a. To
visualize the pre-stressed states, a grey reference plane at 6 = 0 has been added. Notably, the equilibrium paths corresponding to
wpre = 0.4 and 0.5 (rad) intersect the reference plane, indicating that the pre-stressed states for these two cases exhibit bistability.

Figure 3b presents the evolution of this pair of limit points for varying pre-rotation, wpr. The limit points on the right-
and left-hand side of figure 3b represent the beak-inspired structure exchanging stability, i.e. changing between stable and
unstable. Here, we define the shape-shifting instabilities at the right-hand side (solid squares) and left-hand side (solid circles)
limit points as ‘snap-through’ and ‘snap-back’ instabilities, respectively. The twist-back input, 6, required to traverse the first
limit point and trigger the snap-through instability increases with wp.. The twist-back value at the second limit point, which
corresponds to a snap-back event as 0 is decreased after snap-through, falls below zero when wp. =0.326rad. Hence, for
pre-rotation @y > 0.326rad, the pre-stressed beak-inspired structure (with O =2rad) is bistable, i.e. there are two stable
configurations for 8 = 0rad. This means that if the bio-inspired soft end effector is to be designed to operate in a reversible
manner using only mono-directional root actuation (i.e. 6 > 0), then the applied pre-rotation has to be smaller than 0.326 rad. If
pre-rotation is greater than this threshold, the actuation input driving 6 needs to be capable of applying negative rotation.

The pair of limit points merge at wpre =0.133rad, a feature known as a ‘cusp’ catastrophe. When the pre-rotation level is
below this cusp critical point, the beak does not exhibit snap-through in the twist-back actuation step. The cusp also describes

'The beak-inspired structure is sensitive to imperfections if the pre-stressed state is in proximity of the cusp, potentially precluding the snap-through instability.
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Figure 3. (a) The vertical displacement of the tip (normalized by beak length) versus the twist-back inputs O at the root-section of the beak with pre-twist
Opre = 2r1ad and pre-rotations e = [0.1,0.2,0.3,0.4,0.5] rad. The blue and red curves represent stable and unstable equilibria and black dots represent limit
points. We define the shape-shifting instabilties at the limit point squares and circles as ‘snap-through’ and ‘snap-back’ instabilities, respectively. Both twist and
rotation inputs are in the global coordinate system. A grey reference plane with 6 = Orad has been added to show the pre-stressed state. Equilibrium paths
corresponding to cope = 0.4 and 0.5 rad traverse the reference plane. (b) The evolution of the limit points for different levels of pre-rotation. At each oy, the limit
points on the right- and left-hand side of the plot correspond to snap-through and snap-back, respectively. The pair of limit points merge at a cusp catastrophe
@yre = 0.133 rad, where snap-through vanishes. The snap-back limit point occurs at © = 0 rad when cu,, = 0.326 rad, and this level of pre-rotation is the minimum
required for bistability. The beak-inspired structure with bespoke pre-stress state 6, = 2 rad can thus be dlassified into three characteristic zones as indicated by the
colour coding. Note that the classification is made regarding the state with © = 0rad. The dashed line with 6 = 0rad corresponds to the grey reference plane in
(a). (c) The deformation profile of the beak at selected states with different pre-rotation levels. The undeformed configuration is shown in translucent colours.

the minimum pre-twist 6. input required to allow snap-through, which for the present system is given by 6, > 1.88rad. A
detailed sensitivity study of Oy can be found in the electronic supplementary material. For figure 3b, where Opr = 21ad, there
are three characteristic zones corresponding to qualitatively different responses: monostable without snap-through, monostable
with snap-through, and bistable with snap-through. The performance of the beak-inspired structure can thus be tailored, or
programmed, by adjusting wpre. Figure 3c shows the deformation of the beak-inspired structure at selected states along the
equilibrium manifold. With increasing pre-rotation, the beak is more deformed, and therefore more strain energy is stored
through elastic deformation. Strain energy stored in the beak is released and transformed into kinetic energy that leads to the
swift shape-shifting response of the beak. This is in accordance with the behaviour observed in the simplified analytical model
by Smith et al. [5].

Figure 4 shows the tip displacement of the beak-inspired structure in both the vertical direction (z) and horizontal direction
(») at three characteristic stages: (i) the starting point (pre-stressed, initial state), (ii) the snap-through limit point, and (iii) the
post snap-through state, for different pre-rotation levels. Generally speaking, as pre-rotation increases, the overall beak tip
deformation increases in amplitude. Notably, the regime between w,. =0.15 to 0.2rad, i.e. in proximity of the cusp, exhibits
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(a) Displacement in z-direction (b) Displacement in y-direction
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w__ (rad) w__. (rad)

pre pre

Figure 4. (a) Vertical (z-direction) wy, and (b) horizontal (y-direction) vy, displacement of the beak tip for four different pre-rotation levels. The red regime is the
part of the twist-back procedure required to reach the snap-through instability and is determined by the speed of the applied rotational input. In contrast, the blue
regime is characterized by the ensuing snap-through instability, and the resulting speed is mainly determined by the energy released.

significant variation, which coincides with the dramatic shift observed in the limit points (square symbols) of figure 3b. The
displacement dynamics can be divided into two stages: (i) the slower speed (kinematic) stage from the starting point to the
snap-through limit point, where the speed is determined by the actuation input at the beak root, and (ii) the faster speed
(dynamic) stage from the limit point to the post snap-through state, where strain energy is released and transformed into kinetic
energy. The kinematic displacement amplitude at the beak tip wyp in the first stage is almost independent of the pre-rotation,
but the dynamic displacement in the second stage increases with increasing pre-rotation. Assuming that the speed of the
rotation-control actuation motor is fixed, the time required for the first (kinematic) stage is predominantly influenced by the
twist-back angle required to reach the snap-through limit point. The snap-through limit points on the right-hand side of figure
3b show an increase in twist-back required to reach the snap-through point as the pre-rotation angles increase. Notably, within
the pre-rotation regime of wp. = [0.15,0.17] rad, the snap-through limit points in figure 3b show a steep increase in twist-back (6)
required to reach the snap-through point as pre-rotation angles wpr. increase.

These observations have implications for engineering applications and also provide some insight into potential evolutionary
drivers of the hummingbird beak function. If our goal is to use the beak-inspired structure for rapid shape shifting, we need
to consider that larger pre-rotations imply a double time penalty in that it takes longer to set the higher pre-rotation and
longer to reach the snap-through point while applying the twist-back. Similar arguments are true for the natural setting of the
hummingbird beak. The primary function of the hummingbird beak is to capture insects. If the time taken to pre-load the beak
in the first stage is too large, insects may detect movements and escape.

Another consideration for potential engineering applications is the effective length of the beak-inspired structure, as shown
in figure 4b. Although the larger strain energy stored in longer beaks allows for a speedy response, this comes at the cost of
a decreased effective length owing to a distorted lengthwise geometry from higher order bending modes. For example, for
wpre = 0.4 rad, the effective length of the beak after the pre-stressing step is half of the original length. This reduced effective
length may not be suitable for certain applications and an optimized pre-rotation input may need to be determined by a
compromise between these factors.

3.2. Enerqgy transformation and efficiency

To better understand the working mechanism of the beak, we compare the energy storage and transformation efficiency of
the different actuation stages. Before snap-through occurs, all of the work done by the externally applied actuation inputs is
stored as strain energy in the structure. When snap-through occurs, the work done by the external, rotation-controlled actuation
is zero as the rotation is fixed at a value just above the snap-through state. The strain energy released upon snap-through is
thus equal to the difference between the strain energy at the limit point and the equilibrium state into which the structure
restabilizes (at the same rotation). As Abaqus outputs the strain energy at each converged equilibrium state, this difference is
readily computed.

Figure 5a presents the normalized strain energy, U = U/(E - V) with U being the strain energy and V being the beak volume,
along the stable segments of the equilibrium manifold for the beak-inspired structure with pre-twist 6, = 2rad and pre-rotation
wpre = 0.4 rad. The normalization factor is chosen based on a scaling sensitivity study. This ensures that the results are independ-
ent of both material properties and geometric scale. For both segments, the strain energy of the beak-inspired structure from
the restabilized equilibrium states (snapped from the other stable segment) up to the snap-through or snap-back limit points
is provided. For a direct comparison of energy transformation efficiency between snap-through and snap-back mechanisms,
we exclude the energy required to set the pre-stressed state. A detailed discussion on overall energy efficiency, including the

SYL0VZ07 LT el 205y T ysy/eunolbiobunsiandiapostefos [



Downloaded from https:.//royal societypublishing.org/ on 06 September 2024

contribution from pre-stressing procedures, is provided later in this section. As expected, the strain energy at the snap-through n

limit point is higher than that at the initial pre-stressed state (8 =0), as shown by the hollow squares. The increase in strain
energy between these two states is the energy input required to trigger snap-through, which is denoted by AU = Urp — Upre.
The strain energy at the snapped-through state (see the lowest hollow circle on the U-axis) is lower than at the snap-through
limit point (highest hollow square on the U-axis) and the energy difference is the energy released upon snap-through, which is
denoted as Woy. To amplify energy output, we aim for a large Wy as well as large energy efficiency Wou/AU, i.e. also low AU.
Figure 5b,c shows Wout and Wou/AU of the beak-inspired structure for different pre-rotation levels wp. (see hollow squares).
Generally, the energy released increases with wpr.. The efficiency initially decreases sharply and then stabilizes around 2.5. As a
result, large energy output (requiring large wpre) is not equivalent to the most efficient operation (requiring low wpre). Figure 5¢
also shows energy ratios greater than 1 (W,ou/AU > 1) because AU only accounts for the twist-back energy required to reach the
snap-through limit point and does not include the pre-twist and pre-rotation steps, since these pre-stress energy values would
be locked-in during the manufacturing and assembly of the device [30].

Figure 5b,c also presents the energy released and energy efficiency of the snap-back procedure (red hollow circles), i.e. to
return to the initial pre-stressed state. Regarding the computation of AU, the restabilized equilibrium from the snap-through
instability is selected as the starting pre-stressed state. The energy input to trigger snap-back is generally higher and the energy
efficiency lower than for the snap-through sequence. In contrast to the snap-through scenario where released energy
monotonically increases with increasing pre-rotation wpr, the snap-back instability exhibits a non-monotonic trend. The
released energy initially rises with we but then decreases. This can be attributed to excessive structural deformation beyond a
certain pre-rotation threshold. Specifically, the tip potentially traverses past the root. This behaviour is of little practical signifi-
cance for the intended function of the beak-inspired structure.

This observation also provides further insight into the biomechanics of the hummingbird beak. Based on the above energy
efficiencies, we would expect the hummingbird to use snap-through, rather than snap-back, to catch its prey, and this is
precisely how the hummingbird prey-catching mechanism functions. Based on these observations, we therefore focus on
exploiting the snap-through instability in our biomimetic demonstrators. In addition, we find that restoring the beak-inspired
structure to its initial pre-stress state by releasing all actuation inputs at the root-sections and reintroducing the pre-stress field
from a stress-free state is more energetically efficient than returning the system via the snap-back instability. This method again
mirrors the actuation sequence used by hummingbirds [5]. Figure 6 presents the energy input from the stress-free state and
energy transformation efficiency for the snap-through instability for different pre-rotation levels. We observe a general trend
of increasing efficiency with increasing pre-rotation. A particularly sharp rise in efficiency occurs from the cusp point up to
wpre = 0.21ad, which correlates with the sharp change in the fold line presented in figure 3b. Above w,. = 0.4rad, the efficiency
exhibits a linear increase. Notably, at wyre = 1.5rad, the energy transformation efficiency approaches 90%. This efficiency trend is
opposite to that in figure 5¢. This implies that a smaller proportion of the total input energy is required to reach the pre-stressed
state, while a larger proportion is needed to actuate the beak from the pre-stressed state to the snap-through limit point. This
aligns with the significant increase of the twist-back required to trigger the snap-through instability presented in figure 3b.

4. Experimental validation

To validate the numerical simulations and study the dynamic behaviour of the beak-inspired structure, we manufactured a set
of prototypes using three-dimensional printing and designed an actuation system to apply the sequential rotations at both roots
of the structure. The beak-inspired structure was manufactured with FDM TPU (Shore A hardness 92A) using fused deposition
modelling (FDM) three-dimensional printing on a Stratasys Fortus 450mc printer. The pre-processing script that generates the
input file for the FE model in Abaqus is modified to generate a stereolithography (.stl) file for three-dimensional printing. This
unified pre-processing script ensures that the printed beak has the same geometric properties as the FE model. The actuation
system and details of the manufacturing process are described in the electronic supplementary material.

Figure 7 presents the experimental set-up for mechanical testing of the beak-inspired structure. As the pre-twist and
pre-rotation inputs introduce the pre-stress field, these two actuations are applied by adjusting the gears manually and then
locking them in place using bolts and pre-cut holes in the testing rig. The final twist-back step, through which snap-through
is triggered, is actuated through two synchronized servo motors (Dynamixel AX12-A, Robotis, South Korea). The two roots
of the beak are glued into the fixtures of the actuator systems. The depth of the fixture is 15 mm. The tightness between the
fixture and the beak ensures that they are rigidly connected throughout the entire actuation process. The fixture set-up makes
the boundary conditions of the test sample different from the ideal case as shown in figure 2 and discussed in §3. The axes
of the pre-twist, pre-rotation and twist-back are aligned to ensure that they cross at the centroids of the root-sections of the
beak-inspired structure.

In the measurement system, we use a high-speed camera (Sony Cyber-Shot DSC-RX10) to record the deformation profiles of
the beak from a side view (y-z plane) at 1000 frames per second. In particular, the displacement of the tip of the beak (labelled
with a red dot for visualization purposes) as well as the average speed throughout snap-through is determined through an
in-house image processing script in Python. Servo motor positions are recorded at 500 Hz and an LED is placed in the frame
of the high-speed camera and switched off at the onset of the twist-back step in order to synchronize the two data acquisition
systems.
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Figure 5. (a) The normalized strain energy (U = U/(E - V)), where E is the Young's modulus of the material and V" is the volume of the beak-inspired structure,
at stable equilibria for the beak with pre-twist 6. = 2 rad and pre-rotation co,,. = 0.4 rad. Snap-through and snap-back are indicated using dashed arrows. The
hollow squares denote strain energy levels before snap-through (up to the limit point (solid square)), and the hollow circles denote strain energy after snap-through.
In particular, the hollow circle and square with the lowest U represent the restabilized equilibria after snap-through and snap-back, respectively. The difference
between the strain energy at the limit points and the restabilized equilibrium denotes the energy released W,,; upon snap-through or snap-back. For snap-through,
the strain energy required to reach the limit point from the unactuated pre-stress state (8 = 0) is the energy input W;,; for snap-back, the energy input W, is the
difference between the strain energy at the restabilized equilibrium (hollow circle with the lowest U) and the limit point (solid circle). The dashed arrows represent
the snap-through and snap-back events. (b) The normalized released strain energy (W, = Woy/(E - V) during snap-through (black squares) and snap-back (red
circles) at different pre-rotation levels coe. (c) Ratio of energy released from the snap-through/snap-back instability and the strain energy difference (Ujp — Uy,
which represents the energy input required to induce the snap-through or snap-back from the pre-stressed or snap-through restabilized states.
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Figure 6. (a) Normalized energy input (W, = W,/(E - V) from the stress-free state to trigger the snap-through instability for the beak-inspired structure with
different pre-rotation levels. Note that the pre-twist . = 2rad in all cases. (b) The energy efficiency: the ratio of the energy released from the snap-through
instability and the energy input W,

In the numerical simulations, we identified that the pre-rotation input, Wpre, 18 crucial for swift movement. Therefore, the
response of the beak with different w,. levels is tested. Figure 8a—d presents the experimental equilibrium paths with wp. equal
to 0.25, 0.35, 0.45 and 0.5rad, alongside the FE simulation results using an implicit dynamic solver. Note that for each case,
three repeated tests were conducted and minimal variation between repeated measurements was observed. For clarity, a single
representative curve from the repetitions is presented. The experimental results show good correlation with the FE simulations,
both before and after snap-through, for different levels of pre-rotation. We observe some oscillations in the experimental
results upon snap-through corresponding to damped vibrations around the snapped-through equilibrium state. The observed
oscillations probably stem from the steady twist-back actuation speed (set as 8.60 rad s™). The extent of the oscillations could
potentially be decreased by employing a reduced twist-back actuation speed during the experiment to minimize inertial effects.
The largest difference between the FE results and the experiments is in the location of the snap-through point. Owing to
storage memory limitations of the high-speed camera used in this study and the fact that any application of the beak-inspired
structure as an end effector would require rapid actuation, we selected a fast actuation speed in the experiments. As a result,
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Figure 7. Experimental set-up: (a) Overview of the experimental set-up. Test rig connected with control module and power supply. LED light is used to provide signal
for the data log synchronization. High-speed camera system is used to track the motion of the beak. (b) Actuation and supporting system to apply the pre-twist,
pre-rotation and twist-back on the beak-inspired structure.

the quasi-static assumption made in the FE models is not met in the experiments and the dynamic experiments overshoot
the quasi-static snap-through point owing to inertial effects. In the electronic supplementary material, we show that with
decreasing experimental actuation speed the snap-through point in the experiments also correlates well with the FE simulations.
The quasi-static equilibrium curves nevertheless serve as useful backbones to the dynamic experiments and the portion of the
experimental data acquired before and after the snap-through point, which are less sensitive to actuation speed, correlate closely
with the FE simulation and are thus sufficient to validate the FE model.

Generally speaking, the greater the pre-rotation wp. the better the correlation between experiments and simulation. This is
to be expected because reducing the pre-rotation places the system closer to the cusp where snap-through vanishes. The cusp is
a codimension-2 bifurcation around which the system is especially sensitive to imperfections in the experimental set-up or the
manufactured dimensions of the beak.

Figure 8¢ presents the vertical speed at the tip of the beak with different levels of pre-rotation w,... The peak velocity of the
beak tip increases with increasing pre-rotation. The relationship between the median peak velocity and the pre-rotation in the

regime presented can be approximated by a linear function to good accuracy (R*=0.979).

5. Demonstrations of soft robotics applications

We demonstrate the potential applications of the beak-inspired structure in two tasks where rapid energy release is of benefit:
striking and throwing an object. It is important to acknowledge that in these scenarios, not all of the energy released during
the snap-through instability translates directly into the desired functional output. Therefore, the data presented here serves as a
qualitative demonstration of the mechanics explored in the preceding sections, focusing on velocity transfer at the beak tip.

5.1. Characterization of beak-inspired striking performance

To demonstrate the striking application, we show the beak hitting a pendulum. The test set-up is shown in figure 9a. This set-up
allows us to measure the energy transferred by the beak to the pendulum by measuring the peak velocity of the suspended
mass. The beak-inspired structure and the actuation system are the same as in the mechanical test of §4, but rotated by 90° to
enable an impact normal to the pendulum’s resting position. The pendulum is rigidly connected to a smooth steel rod (
6 mm diameter), with the rod connected to the test frame via two ball bearings. The mass of the rod is 25.21 g. The mass of the
pendulum is 6.18 g and the length of the pendulum is 32 mm. A Hall effect angle sensor (Melexis mIx90363, Digikey, UK) is
installed at the end of the smooth bar to measure its rotation and thereby the rotation of the connected pendulum as a result of
the impact of the beak. As shown in §3, the deformed profile of the beak varies with pre-rotation input. The beak and its
actuation system are embedded on an adjustable stage so that the pendulum can be aligned with the tip of the beak in its post
snap-through equilibrium position. This position is typically below the path taken by the beak during snap-through, and so the
beak is raised in steps of 2 mm until a reliable impact is achieved. We emphasize that this point may not correspond to the
location of the peak tip velocity (and thus energy release), but is used here because it can be consistently and reliably deter-
mined. We also believe that this scenario is closest to how the beak may be used in a practical application, avoiding the need for
a cumbersome alignment process after each adjustment of the beak pre-rotation.

For the beak-inspired structure we used herein, we found that the peak velocity occurs approximately when the first
maximum horizontal displacement is reached. Further details can be found in the electronic supplementary material. Figure 9b
presents the peak squared angular velocity of the pendulum for different levels of pre-rotation. With increasing pre-rotation, the
peak velocity of the pendulum increases. The relationship of peak velocity squared to pre-rotation level can be approximately

described by a linear relationship (R* = 0.944), allowing for facile control of energy transfer during striking scenarios. The
observed linear relationship between peak squared angular velocity and pre-rotation in figure 9b is reminiscent of the trend

SYL0VZ07 LT el 205y T ysy/eunolbiobunsiandiiaposteros [



Downloaded from https:.//royal societypublishing.org/ on 06 September 2024

(a) Ope = 0.25 rad (b) Opre = 0.35 rad

1.5
1
s 1 A4
=
£ 0 05
0 0
() ()
1.5 1.5
|
|\ .
2 1 : S 1
= I s A x Median
= 05 : 0.5 20 Z ]\l\;ll;ili(
¢ /! A Linear fitting with R2 = 0.979
0 oLz~ 75 : ; : :
0 1 2 0 1 2 0.25 0.3 0.35 0.4 0.45 0.5
0 (rad) 0 (rad) o, (rad)

Figure 8. (a—d) Comparison between experimental and simulated response of the beak-tip vertical displacement versus twist-back actuation for different levels of
pre-rotation cuye. To ensure repeatability, three tests were conducted for each case, exhibiting minimal variation between measurements. For clarity, only a single
representative curve is presented. Videos of these tests can be seen in the electronic supplementary material. Note that the boundary conditions of the FE model
are different from that in the ideal case shown in figure 3a to reflect the actual boundary conditions in the mechanical testing set-up. (e) The peak velocity of the
beak-inspired structure during snap-through for different pre-rotation inputs co. Note that the velocity is normalized with the respect to the length of the beak L, i.e.

Umax = U/L. For each pre-rotation, three tests were conducted. A linear function is fitted to describe the median velocity versus the pre-rotation with R? = 0.979.
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Figure 9. (a) Pendulum test set-up. The pendulum and bolt for impact are shown in a detailed view. A Hall effect angular sensor measures the movement of the
pendulum. Two servo motors are used to apply rotational inputs. A multi-axis adjustment stage is used to adjust the position of the beak so that the beak can impact
the pendulum at the lowest point that intersects with the pendulum. (b) The peak angular velocity squared of the pendulum after being hit by the beak tip for different

levels of pre-rotation. A linear function is fitted to describe the median velocity squared versus the pre-rotation with R? = 0.944.

observed for peak tip velocity and pre-twist in figure 8b. However, it is crucial to recognize that these relationships are not
directly proportional. Two key factors contribute to this distinction. First, the impact angle of the beak tip on the pendulum
varies across different pre-rotation levels owing to the structures’ distinct deformation profiles at impact. Second, the efficiency
of energy transfer during the impact also differs between the different cases.

Table 2 presents the maximum kinetic energy achieved by the entire pendulum system (including the pendulum and the
rotating bar) at various pre-rotation levels. The comparison with the total strain energy released during the snap-through
instability, which is computed using the quasi-static nonlinear finite element analysis, is also presented. The ratio of the
pendulum’s maximum kinetic energy to the total released energy, is around 2%. This low value is understandable considering
that only the beak tip impacts the pendulum, and the beak-inspired structure continues its forward motion after the impact.
This low energy transformation efficiency suggests that the beak-inspired structure is ideally suited for applications where
rapid shape-shifting is the primary function, such as in grippers [31]. Alternatively, the entire structure’s motion can be
leveraged for tasks where overall body movement is the output, like the fin of a swimming robot [32].
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Table 2. Energy transferred to the pendulum with varying pre-rotation levels and comparison of the energy released from the snap-through instability computed [ 12 |

using the quasi-static nonlinear finite element analysis. The maximum kinetic energy is computed based on the median peak angular velocity presented in figure 9b.
Note that pre-twist 8, = 2rad in all cases.

pre-rotation c,,,. (rad) maximum kinetic energy of pendulum E;, ,, (mJ) Ex p/ Wout, FE

5.2. Demonstration of a beak-inspired catapult

The beak-inspired structure can also be used for throwing or launching applications by modifying the beak into an elastic
catapult. Owing to the complex shape of the beak tip, we applied a small amount of double-sided tape to the beak tip to hold
a projectile. This provided sufficient adhesive force to hold a projectile (mass of 0.62 g) on the tip of the beak prior to launch.
Upon applying the twist-back step beyond the stable limit point, the rapid acceleration of the beak tip and the dramatic change
of the adhesive area owing to the shape change of the beak meant the inertial forces of the projectile were able to overcome
this adhesive force, allowing launching of the projectile. Figure 10 presents the trajectory of the ball projectile using sequential
photos, where the pre-twist and pre-rotation in the beak are 2rad and 0.45rad, respectively. The projectile is launched at
approximately t =138 ms, see figure 10b. The twist-back angle at the root at this instant is close to the value of the measured
peak velocity in the mechanical testing in §4, in order to maximize the launch velocity of the projectile. A full video featuring
application of the beak-inspired end effector in this throwing scenario can be found in the video folder of the electronic
supplementary material. Based on these videos, we estimate the peak velocity of the projectile to be 5.5m s™ corresponding to a
kinetic energy of 9.4 mJ. This is about half the peak tip velocity (around 10.37 m s™) observed in the mechanical testing with no
projectile (refer to figure 8b). Compared with the pendulum case, the energy transfer efficiency for projectile launching is even
lower. This can be attributed to energy dissipation owing to the adhesive force between the double-sided tape and the projectile,
which the beak-inspired structure needs to overcome for launch. At lower pre-rotation levels, the projectile was not launched at
all, probably owing to insufficient energy to overcome the adhesive force and achieve projectile detachment.

6. Discussion

Previous research has used latch systems [33,34] to store strain energy and achieve explosive energy output, e.g. for jumping
robots. The present beak-inspired structure achieves high energy output without a latch system, thereby simplifying the
design. Rather than using a latch-and-release mechanism to store strain energy that is then rapidly converted to kinetic energy,
the beak-inspired structure achieves the same functionality through bistability, i.e. an elastically tailored energy barrier. The
explosive energy output, i.e. snap-through behaviour, only occurs when the energy barrier is overcome by a desired and large
actuation input. Both the energy output and the magnitude of the energy barrier can be tailored through the pre-stress field.

The structural topology, including the overall shape and cross-section profile of the structure, also significantly affects the
snap-through response. For instance, computed tomography (CT) scans of hummingbird beaks [35] reveal that the cross-sec-
tional profile along the length of the beak resembles a C-section with mass concentrated at the top and bottom of the section.
This morphology is fundamentally different from the rectangular cross-section adopted for our studies herein. Although the
beak’s geometrical profile may not solely serve the purpose of rapid shape-shifting, further investigation into the effects of
geometric properties is necessary that may then influence the design of even more efficient rapid response end effectors.

The finite element model in this paper focuses mainly on recovering quasi-static responses and the energy released from the
snap-through instability. While this approach provides valuable insights, it does not fully capture the dynamic behaviour of
the beak. To address this limitation, future work will incorporate the beak’s inertial and damping characteristics in an explicit
dynamic analysis to provide a more comprehensive understanding of the beak’s performance during the rapid snap-through
process.

Here, both pre-stressing and shape-shifting are achieved through actuation inputs at the root of the beak-inspired structure.
A potentially simpler solution is to introduce an equivalent pre-stress field during manufacturing [12], for example, by using
fibre-reinforced composite materials. These materials have orthotropic properties and by varying properties in-plane or through
the thickness, tailored pre-stress distributions can be induced during post-cure cooling [23]. This approach could simplify the
actuation system and enable more efficient and precise control of the beak-inspired structure.

In our present work, the beak-inspired end effector is actuated by rotations applied at the root. Another means of actuation
may be to use embedded actuation techniques [30] using active materials [36], which could potentially make the system stand
alone without requiring external actuation.
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Figure 10. Snapshots of the ball thrower: (a) Pre-stressed state; (b) state before ball detached with the beak tip; (c) 20 ms after detachment; and (d) 40 ms after
detachment. For easy visualization, the ball location is highlighted using a red box. Note that the pre-rotation in the beak-inspired structure is 0.45 rad. The weight of
the ball is 0.62 g. A movie of the demo ball thrower can be found in the video folder of the electronic supplementary material.

7. Conclusion

Through detailed nonlinear finite element simulations and experimental testing, we have confirmed the hypothesis of Smith et
al. [5], explored therein using a simplified model of rigid links and hinges, that the response of a hummingbird beak-inspired
structure can be tailored using a pre-stress field induced by modulating the pre-twist and pre-rotation at the root sections of the
structure. In addition, our models and experiments reveal that the beak-inspired structure can store and quickly release elastic
energy with a single actuation input. This mechanism can potentially amplify the power of soft, artificial muscles and improve
the ability of soft-bodied robots and end effectors to accomplish explosive behaviours.

We identified that the both pre-twist and pre-rotation steps are important for triggering of snap-through behaviour, and
the pre-rotation step is crucial for tailoring the snap-through behaviour. Under a certain threshold value, no snap-through is
possible, i.e. the beak-inspired structure is monotonically stable under actuation. Equally, above a second threshold the structure
is bistable in both unactuated and actuated snap-through states. The dynamic energy released through the instability increases
as the pre-rotation is increased.

Based on the numerical results, we designed and manufactured a beak-inspired end effector for soft robotic applications
with an external actuation system and verified the fast response experimentally. The dynamic response time from original to
snapped-through state can be in the magnitude of 10 ms. This provides a potential solution for fast-response grippers and
actuation systems in robotic systems.

In addition, our simulation and experimental findings provide potential explanations for certain aspects of the hummingbird
beak’s biomechanics. We have shown that this particular structure has greater energy efficiency when snapping through
(positive twisting) than when snapping back, which agrees with the operation of hummingbird beaks. Secondly, the most
efficient means of repeatedly actuating the beak-inspired end effector is to restore the structure to its initial pre-stress state by
releasing all actuation inputs, which again agrees with biomechanical observations of the hummingbird beak.

Future research will focus on the development of buckling-driven adaptive systems with simpler geometry, easier manufac-
turability and less complex actuation inputs based on stiffness tailoring.
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