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One of the key problems in active materials is the control of shape through actuation. A fascinating
example of such control is the elephant trunk, a long, muscular, and extremely dexterous organ with
multiple vital functions. The elephant trunk is an object of fascination for biologists, physicists, and
children alike. Its versatility relies on the intricate interplay of multiple unique physical mechanisms
and biological design principles. Here, we explore these principles using the theory of active filaments and
build, theoretically, computationally, and experimentally, a minimal model that explains and accomplishes
some of the spectacular features of the elephant trunk.
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Introduction.—In nature and engineering, one of the
main tasks of active filamentary structures is to explore
their surroundings. The simplest problem for the activa-
tion of slender structures is curvature generation, a
well-understood phenomenon studied by Timoshenko a
century ago in the context of bimetallic strips [1]. In
Timoshenko’s initial setting, curvature changes only
generate planar shapes. A more involved problem is
the generation of torsion which, through curvature cou-
pling, allows for arbitrary three-dimensional shapes as
found in plants [2], but also in the octopus arms and
elephant trunks [3]. Here, we take inspiration from the
elephant trunk as a design paradigm to couple curvature,
twist, and torsion, and create a minimal activation model
using three uniform actuators.

The elephant trunk is an elongated, muscular, and
highly flexible proboscis made of specialized muscles,
fascia, and skin; it represents a unique adaptation of the
upper lip and the nose; see Fig. 1. It is made of 17
major muscle groups, eight on each side and one for the
nasal cavity, with more than 90000 muscle fascicles
controlled by 50 000—60 000 facial nucleus neurons, which
together give it its exceptional strength and versatility of
movement [4-6].

Unsurprisingly, the biomechanics of the elephant trunk
have attracted the attention of many scientists [9,10] with
the ultimate goal of understanding and replicating some of
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its functions [11]. Yet, some of the basic principles of the
trunk have been overlooked. Here, in contrast to most
previous studies that use a great number of segmented
actuators to replicate function [11-13], we aim to unravel
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FIG. 1. Muscular architecture within the elephant trunk.
(a) Skinned elephant trunk with longitudinal muscles on the
dorsal side and helical muscles wrapping along the length on the
ventral side [7]. (b) Cross section of a trunk by Cuvier (1850)
with longitudinal (blue), helical (red, green), and radial muscles
around the two nasal cavities [8]. (¢) Minimal model of a trunk
with three muscular bundles.

Published by the American Physical Society


https://orcid.org/0000-0003-1324-3696
https://orcid.org/0000-0002-5066-7757
https://orcid.org/0000-0002-9292-5267
https://orcid.org/0000-0002-6283-935X
https://orcid.org/0000-0003-3597-7973
https://orcid.org/0000-0002-6436-8483
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.248402&domain=pdf&date_stamp=2024-06-14
https://doi.org/10.1103/PhysRevLett.132.248402
https://doi.org/10.1103/PhysRevLett.132.248402
https://doi.org/10.1103/PhysRevLett.132.248402
https://doi.org/10.1103/PhysRevLett.132.248402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 132, 248402 (2024)

important properties of the trunk by considering an ideal
and simplified, single-segment trunk representation with a
minimum number of actuators that still reproduces some of
its key functions. In other words, we seek to reduce the
architectural complexities of the elephant trunk anatomy to
a minimal design that captures only its primary deformation
mechanisms. Toward this goal, we show that simple
physical models of active materials can help improve
our understanding of these spectacular structures, and
inspire future design approaches in pursuit of minimal
complexity, maximal compactness, and remarkable control
versatility.

Inspired by the muscular architecture of the trunk, we
propose a minimal model of three actuators and investigate
its control capabilities. In particular, we study the design
space of our idealized trunk and identify the fundamental
trade-off between some desirable properties. We also
explore the complex mechanistic interactions of the longi-
tudinal and helical muscle contractions that generate a
remarkably rich configuration space with nonuniform
curvature, twist, and torsion. Finally, we validate our model
predictions experimentally using liquid crystal elastomer
actuators, and compare minimal design deformations with
the shapes of a moving elephant trunk recorded by
Dagenais et al. [3].

Model setup.—Despite its massive size, the elephant
trunk can be modeled as a slender biological filament that
deforms through muscular activation of longitudinal,
radial, and helical muscles (Fig. 1). To model the
deformation induced by local fiber contraction, we adopt
the active filament theory [14—16], which describes a
general three-dimensional tubular structure equipped with
an arbitrary fiber activation tensor G dictated by the local
orientation of the muscle fibers throughout the con-
tinuum. Assuming that initially the trunk is straight, we
can write any deformation as y =r+ Y ;_, ee;d; [17],
where r(Z) is the centerline of the deformed tubular
structure with respect to the arc length Z of the initial
structure, such that ¥ = {d;, where ¢ is the centerline
stretch, ee; are the cross-sectional reactive strains with &
being the inverse of the slenderness ratio (the length L
divided by a characteristic radius), and {d;,d,,ds} form
an orthonormal basis that defines the orientation of each
cross section so that d; = {u x d;, where u = ) u;d, is
the Darboux vector specifying the filament’s three cur-
vatures. To model activation, we decompose the deforma-
tion gradient [18], F = Grady = AG, into an elastic
contribution A and the activation G. Using a systematic
energy minimization procedure, we then obtain the intrinsic
curvatures (y, O,, (3, and the extension  of the trunk in the
absence of external loads by integrating the contribution of
each fiber contraction over the cross section [ 16]. In the case
of a ring of helical fibers with helical angle o and radii R,
and R, (see Fig. 2), the curvatures are

(a), L

FIG. 2. Active filament model. (a) Filament with embedded
helically arranged fibers. (b),(d) Realistic continuous muscle
activation y(0). (c),(e) Idealized discrete piecewise constant
activation with N = 3 actuators.
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where o; are functions of the filament geometry, fiber
architecture, and mechanical properties; see Supplemental
Material (SM) [19]. For a given periodic muscle activation
function y = y(6), A, @, a, are

2z 1 [2=
a :ﬂA y(0)cosOdl, b, :ﬂ/) y(0)sin0do,

1 [2r b
aOZ;A y(0)d9, A=\/a3+ b3, tan(ga):—a—i.

The y function describes the distribution of fibrillar
prestrain in the cross section in terms of the angle 6
[Fig. 2(b)]. It stems from a restriction on the arbitrarily
inhomogeneous form of the activation tensor G, where an
activation pattern given by y(6) follows the fiber archi-
tecture according to its helicity [Fig. 2(d)]; see SM for
further details. We further restrict our attention to discrete
muscle fiber bundles with inputs y,...,yy and angular
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FIG. 3.

Design space of the elephant trunk: slenderness, tapering, and fiber helicity. Deformations I, II, III, IV, and their respective

curvature-activation curves for (a) varied slenderness (S, =5, 10, 15, 20, y = —0.6) with a single longitudinal bundle (¢ = 90°);
(b) varied tapering angle (¢p = 1°,3°,5°,7°, y = —2.5) for the same single bundle; and (c) varied helicity (Q ~ 10.0°,29.2°,48.3°, 67.5°,
y = =3, 6 = 45° in both bundles) for two symmetrically arranged, equally activated helical fiber bundles. Dashed regions highlight
physiological ranges S, € [6.7, 11.7], and ¢ € [5°, 6°] for the elephant trunk, and for Q far from the longitudinal case. Young’s modulus is

constant, Poisson’s ratio is v = 1/2, and Ry — R, = L/50 at Z = 0.

extents defined by the parameter o, as shown in Figs. 2(c)
and 2(e).

Design principles.—We apply the active filament theory
to study the main design principles that govern the con-
figuration space of the elephant trunk: slenderness, tapering,
and helicity. First, we consider a single longitudinal
muscular bundle. Upon activation, the filament curls to
minimize its elastic energy with dimensionless curvature Lk,

k= +/0} 4+ 03/ ¢, which extends Timoshenko’s result to
large deformations. In Fig. 3(a), we show that slenderness
has a significant effect on the deformation. Indeed, by
varying the ratio S, of filament length L to the outer radius
R, the same muscular activation will yield a larger curvature
for filaments with a larger slenderness. This is a natural
consequence of the scaling of the second moment of area of
the filament’s cross section as ~1/S¥, which dominates the
less pronounced effect of the decreased fiber activation area
for more slender filaments. Figure 3(a) further shows that,
for sufficiently small fiber magnitudes (|y| < 1), the dimen-
sionless curvature Lk is an approximately linear function of
the activation in the entirety of the evaluated slenderness
range S; € [5,20].

Second, the geometry of the elephant trunk is highly
tapered, with a larger cross-sectional radius at the proximal
end and increasingly smaller radii toward the distal end,
effectively inducing a gradually varying slenderness. For
uniform activations in a longitudinal muscle, the local
curvature of the trunk increases with the decreasing trunk
radius. The larger the decrease in radius the larger the
increase in curvature, as demonstrated in Fig. 3(b) by the
increase in maximal curvature Lk, with the increasing
tapering angle ¢. In the physiological range of tapering
angles ¢ € [5°,6°] (structures III and IV), we observe the
typical curling motion that the elephants use to wrap their
trunks around objects.

Third, the elephant trunk contains helical muscle fibers
that we model through two opposite helical fibers. In
addition to creating curvature, a single helical fiber bundle
can generate torsion. Combining the effect of two identical
helical fibers, but of opposite handedness, cancels the
torsional contribution and creates pure bending of the
filament [23], as shown in Fig. 3(c). An increase in
the fiber revolution € results in larger maximal curvature
and increased variability in the bending curvature. We
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FIG. 4. Reachability cloud for a minimal elephant trunk design with three actuators. (a) The point cloud consists of 2 x 10® points,
RGB-coded by activation magnitude within the range 71, 75, 73 € [=5, 0] (red, green, and blue, respectively). (b) A design with only two
helical actuators (shown in red) restricts the reachability cloud to a 2D surface region compared to 3D cloud of the minimal design (in
blue). (c) Similarly, a design with three longitudinal actuators has a smaller reachability cloud with a large interior unreachable region.

define Q = (L/Ry) tana to quantify the total fiber revo-
lution throughout the filament for a given helical angle «;
see SM for details. The influence of € on the resulting
deformation is similar to the effect of varying the tapering
angle ¢: the rate of increase of curvature along Z is
amplified by increasing either Q or ¢, which might be
responsible for generating the curling deformations com-
monly observed in elephant trunks motions.

Minimal elephant trunk-inspired design.—Our study in
Fig. 3 suggests that a single muscular bundle or two
opposing helical bundles can generate a variety of defor-
mation modes. By combining these modes, we can create a
minimal design of a tubular structure made up of one
longitudinal and two helical fibers. The longitudinal fiber
generates pure curvature, as inspired by the massive upper
muscle group in the elephant trunk; see Fig. 1. The two
symmetrically arranged helical fibers generate either twist,
torsion, or curvature depending on their relative activation
magnitudes; see Fig. 4 and the design parameters in
the SM.

To quantify the performance of this design, we created a
comprehensive three-dimensional reachability point cloud
in Fig. 4(a) to illustrate the space of end points accessible
by the trunk by randomly sampling muscular activations.
Notably, the reachability cloud consists of 2 x 10° points
and takes less than 1 min to compute on a standard desktop
computer, at a rate of roughly 100 000 configurations per
second thanks to the semianalytical nature of the model and
unlike traditional finite-element code.

The resulting cloud spans an extensive three-dimensional
space within the entire 360° arc around the longitudinal axis
of the initial configuration. Our minimal trunk design can
reach points to the front, back, right, and left of the initial
configuration, as well as anywhere in between these regions.
For comparison, the trunk of an Asian elephant can generate
compressive strains up to 33% [24], which corresponds to a

stretch of 0.67 and an activation of y & —3.33 in our minimal
design. Importantly, a tight concave hull of the reachability
cloud with a normalized volume Vgoyq = Vejoua/L> = 0.85
amounts to about 74% of the convex hull with V., ~ 1.14,
which implies that only 26% of the conservative volume
bounded by the cloud is inaccessible by the design.
Comparison with other designs containing either two helical
actuators or three longitudinal ones shows in Figs. 4(b)
and 4(c) that our minimal design is vastly superior in terms of
reachability. Specifically, removing the blue longitudinal
actuator reduces the reachability cloud to a 2D surface
[Fig. 4(b)]. Replacing the helical actuators with longitudinal
ones decreases the cloud volume by 14% to Vg = 0.73
due to a large inaccessible void created by the removal of
helical fibers, amounting to almost 42% of the new convex
hull [Fig. 4(c)]. Indeed, the torsional modes activated by the
helical fibers empower the design to not only reach a larger
space, but also perform a variety of complex motions,
including avoiding obstacles or grasping and rotating
objects through curling, a common motion performed by
elephant trunks when manipulating branches of trees.

Experimental validation—We validate our predicted
deformation patterns with experimental deformations of
a soft slender structure actuated by liquid crystal elastomer
fibers. Briefly, we created an inactive acrylate polymer-
based slender cylinder via molding. Three active liquid
crystal elastomer fibers were fabricated through 3D print-
ing for mesogen alignment. Before curing, we embedded a
coiled copper wire in each of the fibers to enable active
contraction through Joule heating. We then cured the fibers
with ultraviolet light to fix the mesogen alignment and lock
the wire in place. Finally, we bonded the resulting fibers to
the elastic cylinder, giving us the complete experimen-
tal model.

Figure 5 shows a direct comparison of five representative
deformation types for the activation of (i) the single
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FIG. 5.

Experimental validation of predicted deformation patterns. Activation of the single longitudinal, a single helical, both helical, a

pair of longitudinal and helical, and all fibers, from left to right. Gray color indicates no activation in a given fiber. The predicted
deformation patterns (top) agree with the experimental deformations of a soft slender structure activated by liquid-crystal elastomer

fibers (bottom).

longitudinal fiber, (ii) a single helical fiber, (iii) both helical
fibers, (iv) a pair of longitudinal and helical fibers, and
(v) all three fibers, from left to right. The model predictions
in Fig. 5 include the effects of gravity (see SM). The five
configurations in Fig. 5 illustrate the richness of possible
deformation types: configuration (i) exhibits pure bending
achieved by the longitudinal actuator only; configuration
(i1) exhibits high forsion through activation of one of the
helical actuators; configuration (iii) exhibits pure bending,
with the bending direction changing halfway; configuration
(iv) represents a combination of bending and torsion that
generates an out-of-plane motion through the interplay of
the longitudinal and helical actuators; finally, configuration
(v) shows the torsion cancellation effect in configuration
(iii), but the longitudinal fiber induces localized bending at
the distal end of the design.

The simulated configurations agree with the experimen-
tal deformation patterns, which supports the utility of our
parametric studies and reachability considerations. Further,
we emphasize that the five deformation cases shown in
Fig. 5 are a small subset of all achievable deformation
types, given that the selected cases merely correspond to
five fiber subsets and five sets of activation magnitudes.

The reachability cloud in Fig. 4 is a consequence of an
otherwise much richer configuration space generated by an
exhaustive sweep through all activation combinations in the
three fibers.

Elephant trunk motions.—As a final step, we show in the
SM that our minimal design can mimic the physiological
deformations in an elephant trunk motion recorded by
Dagenais et al. [3] using motion capture technology.

Conclusion.—Unlike traditional robotic arms with finite
degrees of freedom, soft structures like the elephant trunk
or the octopus arm have infinitely many, hence creating “a
body of pure possibility” according to the philosopher Peter
Godfrey [25]. This universe of possibilities is made
possible through fundamental physical mechanisms cou-
pling geometry to mechanics, amplified by the slenderness
of the structure and the softness of matter. While curvature
generation in a one-dimensional structure is easy to under-
stand and create through longitudinal contraction, the
creation of twist and torsion requires dedicated helical
fibers. To create both left- and right-handed structures,
the design requires two helical bundles with opposite
handedness. Hence, the simplest design is a three-actuator
architecture inspired by the elephant trunk. Here, we
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demonstrate, analytically, computationally, and experimen-
tally, that this minimal design is sufficient to reach a large
portion of space. Further, the large range of deformation
types empowered by this minimal design suggests that it
could play an important role in motion planning tasks.
Finally, the comparison of simulated deformations to the
biological motions reinforces the minimality and versatility
of the bio-inspired design in that only three independent
fibers can reproduce a large set of motion archetypes
accessible by the anatomically complex elephant trunk.
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