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Abstract

Octopuses can employ their tapered arms to catch prey of all shapes and sizes due to their dexterity, flexibility,
and gripping power. Intrigued by variability in arm taper angle between different octopus species, we explored
the utility of designing soft actuators exhibiting a distinctive conical geometry, compared with more traditional
cylindrical forms. We find that these octopus-inspired conical-shaped actuators exhibit a wide range of bending
curvatures that can be tuned by simply altering their taper angle and they also demonstrate greater flexibility
compared with their cylindrical counterparts. The taper angle and bending curvature are inversely related,
whereas taper angle and applied bending force are directly related. To further expand the functionality of our
soft actuators, we incorporated vacuum-actuated suckers into the actuators for the production of a fully inte-
grated octopus arm-inspired gripper. Notably, our results reveal that because of their enhanced flexibility, these
tapered actuators with suckers have better gripping power than their cylindrical-shaped counterparts and require
significantly larger forces to be detached from both flat and curved surfaces. Finally, we show that by choosing
appropriate taper angles, our tapered actuators with suckers can grip, move, and place a remarkably wide range
of objects with flat, nonplanar, smooth, or rough surfaces, as well as retrieve objects through narrow openings.
The results from this study not only provide new design insights into the creation of next-generation soft
actuators for gripping a wide range of morphologically diverse objects but also contribute to our understanding
of the functional significance of arm taper angle variability across octopus species.
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Objective structurally diverse objects, octopus arms have served as

model systems for the development of robust soft robotic
5-19

B IOLOGICAL SYSTEMS HAVE inspired the design of a wide
range of materials and devices capable of addressing
modern engineering challenges.'™ Octopuses represent one
such example. They can effectively catch prey of different
shapes and sizes, perform remarkably complex tasks, and
retrieve objects from constrained environments by combin-
ing two important capabilities: (1) the ability to control many
degrees of freedom and (2) the integration of linear arrays of
suckers (Fig. 1A—C).”"'* Because of their flexibility, agility,
and adaptability for efficiently grasping a wide range of

prototypes. These range from single powerful actuators'
to more complex multi-actuator systems.”** These soft
robots offer many advantages over their more traditional ri-
gid counterparts in that they are significantly easier and
cheaper to manufacture, are safer to operate around human
subjects, and can achieve complex outputs with simple in-
puts.>>3 Despite the fact that octopus arms exhibit a char-
acteristic conical geometry and that the taper angle is highly
variable between different species, many soft actuators (in-
cluding octopus-inspired forms) exhibit a constant cross-
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FIG. 1. Octopus arm-inspired tapered soft actuators with suckers for improved grasping. (A—C) Octopus arms are tapered
and incorporate both bending and suction functionalities. Here, we use them as inspiration for the design of soft robotic
actuators with improved grasping. (D) Schematics of our tapered soft actuators with suckers. (E-H) Our suckers are
flexible, conformable, and can attach to small objects. Scale bar in panel (E), 1 cm. Color images are available online.

sectional diameter along their length.>**"! Little is known

regarding the functional significance of this diversity, how-
ever, as previous studies on octopus-inspired tapered soft
actuators have focused on the control of the arm motion.'>~
While the subject of modeling passive bending of tapered
cantilever beams has received some attention,36 little re-
search has been done on soft robotics which can grasp or
manipulate objects.

Inspired by investigations into the morphological diversity
of octopus arms, we explore the potential trade-offs between
dexterity and gripping power in tapered soft actuators. In
contrast to previous studies on octopus-insgired robots,
which focused primarily on either arm motion'>~2? or sucker
action alone,”’ " in this study we focus on the (1) tapered
arm and (2) the synergistic function of bending and suction.
We first numerically study the bending kinematics and ap-
plied forces of tapered soft actuators, and then use these
findings to guide the design and fabrication of an octopus
arm-inspired soft robot with integrated suckers for improved
gripping (Fig. 1D-H).

Materials and Methods

Details on the measurements performed to estimate the
taper angle of living specimens can be found in Section S1 of
the Supplementary Data. The design geometry of the tapered
actuator and its suckers investigated in this study is detailed
in Section S2 of the Supplementary Data. The fabrication
details of the tapered soft actuators used in the validation of
the finite element (FE) simulations and the characterization
of the material mechanical response can be found in Section
S3 of the Supplementary Data. The bending curvature and
bending force experiments on tapered soft actuators without
suckers can be found in Section S4 of the Supplementary
Data. The FE simulations for bending curvature and applied
bending force were conducted with Abaqus (SIMULIA,
Providence, RI), and details can be found in Section S5 of the
Supplementary Data. Using the insights from the results of
the FE simulations, the tapered actuators with suckers were
ultimately fabricated with a multistep molding and casting
process. The tapered soft actuators were made of Mold Star
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30 (Smooth-On, Inc., PA), and the suckers were made of
Dragon Skin FX-Pro (Smooth-On, Inc.). Details for this fab-
rication can be found in Section S6 of the Supplementary
Data. The experiments of sucker attachment forces are de-
tailed in Section S7 of the Supplementary Data. And finally,
demonstrations of the complete tapered actuators with suckers
can be found in Section S8 of the Supplementary Data.

Results
Octopus arms

In this study, we focus on two important features of octopus
arms: the taper angle and the combination of arm bending and
suction. Since a systematic investigation on the taper angle
range of octopus arms was not available to guide our study, we
performed detailed measurements from online photographs of
living specimens*' acquired from 10 different octopus species
(Section S1 of the Supplementary Data and Supplementary
Fig. S1). While there are extremes in arm taper angle, such as
the exceptionally broad arms found in Abdopus gorgonos, we
found that for most species, arm taper angles ranged from a
minimum of ca. 3° for the very slender arms of Octopus
macropus to a maximum of ca. 13.5° for the comparatively
broader arms found in Eledone cirrhosa (Fig. 2, see Supple-
mentary Table S1 for detailed data). Guided by these mea-
surements, we considered taper angles ranging from a=3° to
o=13.5° and investigated their effects on both actuator bending
curvature and applied bending force in the present study.

In most octopus species, two rows of suckers are distrib-
uted in a staggered arrangement along the ventral surface of

Octopus cyanea HoH

Octopus ornatus HOH
Octopus vulgaris
Octopus ocellatus —O—
Octopus macropus -
Octopus californicus
Octopus bimaculatus e
Eledone cirrhosa

each arm, with diameters ranging from a few millimeters to a
few centimeters.'"*? They comprise an exposed disk-like
infundibulum and a central cavity acetabulum and allow for
strong attachment not only to large flat surfaces but also to
irregular surfaces, and even objects smaller than a single
sucker.**** In this study, we mimicked this general structure
and distribution when designing our soft robotic suckers for
integration into our tapered soft actuators. Although much
simpler than their natural counterpart, these biomimetic
suckers provide a similar function. Upon application of
vacuum, they enable the actuator to attach to arbitrary
objects.

Effect of taper angle on bending curvature
and applied bending force

We first investigated, numerically, via FE simulations, the
properties of tapered pneumatic soft actuators (without
suckers), focusing on the effect of the taper angle on both
bending curvature and applied bending force. Specifically,
we considered tapered soft actuators, each of the same length
(L=200 mm) and tip diameter (D, = 8.4 mm), but with taper
angles ranging from o=3° to a=13.5° (see Section S2 of the
Supplementary Data for more design details). To induce
bending via inflation, a single hollow internal chamber was
placed along the length of the actuator at a fixed normalized
distance from the outer radius of the actuator. The internal
chamber was tapered in the same manner as that of the ac-
tuator, and the cross-sectional shape of the chamber was
annular, swept 120° (see Section S2 of the Supplementary

FIG. 2. Arm taper angle
diversity among various oc-
topus species. (A) Photo-
graphs of two representative
octopus species that exhibit
low (left, Wunderpus photo-
genicus) and high (right, Vi-
trelladonella richardi) arm
taper angles. (B) Taper angle
measurements (all data are
provided in Supplementary
Table S1) from 10 different
octopus species (multiple in-
dividuals of each species were
considered). Octopus photos
courtesy of Roy Caldwell and
Solvin Zankl. Color images
are available online.
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Data and Supplementary Fig. S3 for more details and sche-
matics on the internal chamber).

For FE studies, all models were constructed using 8-node
linear brick elements (Abaqus element type C3D8H), and the
material behavior was captured using an incompressible Gent
model,* with initial shear modulus x=195kPa and stiffening
parameter J,,= 12 (see Section S3 of the Supplementary Data
for more details). Static nonlinear simulations were performed
using Abaqus/Standard and, to induce bending, each actuator’s
inner chamber was pressurized from P=0kPa to P=200kPa
with the bottom end of the actuator being held in a fixed po-
sition. To evaluate the effect of the taper angle on the bending
curvature, no additional constraint was added, and at each
incremental 2 kPa increase in pressure, the maximum, mini-
mum, and average curvature along the bending profile of the
actuator was measured (see Section S4 of the Supplementary
Data for more details). To study the effect of taper angle on
applied bending force, the actuators were placed at a hori-
zontal distance d=30mm away from a rigid body surface
(representing a hypothetical load cell) and frictional surface to
surface contact (with a coefficient of friction of 0.5) was em-
ployed between the actuator and the hypothetical load cell.
When an input pressure was applied to each of these actuators
(with the actuator base fixed), they would bend toward this
rigid surface and the applied force was monitored.

We first validated our numerical simulations by comparing
the numerical results with those obtained experimentally for
actuators fabricated from Mold Star 30 (Smooth-On, Inc.)
silicone rubber (Sections S4 of the Supplementary Data and
Supplementary Figs. S12 and S14). Since we found an ex-
cellent agreement between the two data sets in terms of both
bending curvature and bending force over a wide range of
pressures, we then proceeded to use FE simulations for a
much more extensive exploration of the actuator design
space. We started by numerically investigating the effect of
the taper angle on the bending curvature. The results shown in
Figure 3A demonstrate that the bending curvature of the ta-
pered actuators depend highly on both the taper angle « and
the pneumatic pressure P. Specifically, the bending curvature
increases as pressure P increases, but decreases as the taper
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angle o increases. For example, the average bending curva-
ture (x) decreased by over twofold (from x =0.0282 mm™! to
k=0.0134 mm™") by increasing the taper angle from o= 3° to
a=13.5° at P=200kPa, and changed from x=0.0009 mm™!
to k=0.0134mm™" by increasing the pneumatic pressure
from P=100kPa to P=200kPa for =13.5° (see Section S5
of the Supplementary Data and Supplementary Fig. S13 for
more detailed simulation results of bending curvature). It
should also be noted that for a given pressure and taper angle,
the maximum, minimum, and average curvatures varied
along the length of the actuator, thus permitting the grasping
of different sized objects at a single actuating pressure.

After characterizing bending curvature as a function of
taper angle, we next investigated the exerted bending force
as a function of pressure. Interestingly, the numerical re-
sults reported in Figure 3B show that the taper angle pro-
duced opposite responses in terms of bending force and
bending curvature (Fig. 3B and see Section S4 of the Sup-
plementary Data and Supplementary Fig. S11 for results of
other measured distances other than d=30mm). For ex-
ample, the bending force increased from 0.33 to 5.35N
when the taper angle was increased from o=3° to «=13.5°
at P=200kPa (Fig. 3B), whereas the bending curvature
decreased from k=0.0282mm™"' to k=0.0134 mm ™' when
the taper angle was increased from o=3° to «=13.5° at
P=200kPa (Fig. 3A). Therefore, when taking both the
bending force and bending curvature results into account,
we discovered an inherent trade-off between the two.
Overall, models with lower taper angles output a lower
force but could bend with much larger curvature (with the
opposite being true for larger taper angles).

The complete octopus arm-inspired prototype

Guided by these numerical results, we then investigated
how the taper angle affected the gripping power of a soft
actuator with integrated suckers. To this end, 17 silicone
rubber suction cups (made from Dragon Skin FX-Pro;
Smooth-On, Inc.) were integrated into the design using a
multistep molding process and arranged in a staggered
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FIG. 3. Modeling the effects of arm taper angle on bending curvature and applied bending force. (A) Numerical results
illustrating the average bending curvature (x) as a function of taper angle (o) and input pressure (P). Bending profile snapshots
obtained from the simulations at P=150kPa and P=200 kPa are overlaid on the heat map. (B) Numerical results illustrating the
applied bending force (FN) as a function of taper angle () and input pressure (P). Color images are available online.
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pattern along the length of the actuator (Fig. 1 and Section S6
of the Supplementary Data and Supplementary Fig. S15). The
flexible suckers were designed and fabricated by mimicking
the geometries of the infundibulum and acetabulum of Oc-
topus vulgaris (Fig. 1C).*® Moreover, for the sake of sim-
plicity, they were all connected to a single-channel vacuum
generator which was used to lower the pressure inside each of
the suckers. Upon evacuation, the suckers could conform and
attach to a wide range of different-sized objects (Fig. 1H),
and even those with irregular surfaces (Fig. 1G). We con-
structed both a cylindrical and an o= 9° tapered actuator with
suckers and characterized the attachment behavior of their
suckers to substrates exhibiting a variety of different geom-
etries and surface roughnesses (see Section S7 of the Sup-
plementary Data for details). Note that in the tapered gripper,
the size of the suction cups decreased from the base of
the actuator to the tip, as is seen in its biological counter-
part (Supplementary Fig. S4). In contrast, the cylindrical
gripper used suction cups which were all identical and di-
mensionalized to provide the same total suction area as in the
tapered gripper (Supplementary Fig. S5).
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Attachment abilities characterization

We began by characterizing the attachment of the cylin-
drical and tapered grippers to planar substrates (Fig. 4A) since
planar objects are often difficult to grasp using bending ac-
tuators alone. In these tests, we first lowered the pressure
inside the suckers from 0 to —80 kPa to fully attach the suction
cups to the surface and then pulled the grippers in the direction
perpendicular to the surface while recording the force via a
substrate-integrated load cell. Remarkably, we found that the
enhanced flexibility of the tapered gripper results in signifi-
cantly higher gripping power. Specifically, the results shown
in Figure 4A—C show two key features. First, the pull-off force
(i.e., the maximum force recorded during the test) recorded
for a tapered gripper (6.59+0.32N) is significantly higher
than that measured for the cylindrical one (5.61%+0.24N)
(Fig. 4C). Second, the mechanism by which the two grippers
eventually detach from the surface is qualitatively different.
While suckers of the tapered gripper detached from the sur-
face in a sequential manner (Fig. 4A, B, Supplementary
Movies S1 and S2), resulting in a post-yield stairstep-like

‘“ 0 3 6 9 12
Vertical pull displacement (mm)

0 40 80 120 160 200

Pressure (kPa)
FIG. 4. Sucker attachment force and contact measurements. (A) Side view photographs showing the sequential peeling of the
tapered (¢=9°) actuator with suckers, and the simultaneous peeling of the cylindrical actuator with suckers from a smooth
planar surface (scale bar, 20 mm). The blue arrows indicate the suckers that are attached to the surface during peeling. (B)
Frustrated total internal reflection®’ images highlighting the attachment of the suckers (see also Supplementary Movie S2) (scale
bar, 20 mm). (C) Load—displacement curves recorded during the peeling test for both the tapered and cylindrical actuators with
suckers. The peeling force is measured along the vertical direction. (D) Scanning a wide range of input pressures permits the
identification of the optimal input pressures for maximizing pull-off forces of both actuators with suckers from nonplanar
substrates. The vertical dashed line indicates the ““‘optimal”” pneumatic pressure values for maximizing the pull-off forces for the
curvature of this specific surface (260mm™"). (E) Side view photographs showing the sequential peeling of an «=9° actuator
with suckers, and the almost simultaneous peeling of the cylindrical actuator with sucker from a smooth curved surface (scale
bar, 20 mm). (F) Load—displacement curves recorded during the peeling test for both the tapered and cylindrical actuators with
suckers. The peeling force is measured along the vertical direction. Color images are available online.
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failure mode (Fig. 4C), the reduced flexibility of the cylin-
drical one prevented such behavior and led to simultaneous
detachment of all suckers (Fig. 4A, B, Supplementary Movies
S1 and S2), inducing a sharp drop in force (Fig. 4C).

We next characterized the attachment abilities of the ac-
tuators with suckers to curved surfaces and focused on a
surface with curvature 1/260mm™'. The results shown in
Figure 4D demonstrate that the attachment to the surface for
both the tapered and cylindrical grippers was highly depen-
dent on the pressure, with the maximum pull-off forces re-
corded at P=170 and 250kPa, respectively. When such
pressure is applied, the actuators best approximated the
curved surface, and the suckers were fully engaged and
provided maximum gripping power. Notably, in this case we
found that the enhanced flexibility of the tapered actuator
resulted in a larger maximum pulling force (6.55+0.18 N). It
is also important to note that both soft grippers could achieve
almost identical pull-off force on the flat and curved surfaces
(Fig. 4C, F). This behavior was enabled by the intrinsic
compliance of the actuators that allowed them to conform to
arbitrarily shaped objects so that all suckers could engage
with the surface. To completely eliminate the impact of the
sucker size and distribution on the attachment performance,
we also tested a cylindrical gripper with suckers of identical
size and distribution to those of our tapered design. As shown
in Supplementary Figure S19, we found that in this case also,
all the cylindrical gripper suckers peeled off nearly simulta-
neously, resulting in a sharper and more sudden failure
compared with the tapered design. These results further
support our conclusion that the tapered actuator with suckers
has better gripping power than its cylindrical counterpart.

FIG. 5. Attachment force of

w

XIE ET AL.

Due to their compliant nature, the suckers were also able to
successfully attach to surfaces exhibiting a wide range of
surface roughnesses (Fig. 5A—C), but exhibited pronounced
performance trade-offs which varied as a function of sucker
modulus. For example, the o=9° gripper with stiff suckers
(Young’s modulus 660 kPa) generated a considerable pull-off
force of up to 26.14+£0.54 N (error values + standard error of
the mean) on relatively smooth surfaces (R, <20 um), which
represented a nearly fourfold increase over that of the o =9°
gripper with flexible suckers (Young’s modulus 250kPa)
(Fig. 5D). Despite this performance advantage on smooth
surfaces, and due to their reduced flexibility, the stiffer suckers
exhibited a reduced ability to conform to more topographically
complex surfaces (e.g., R, =200 um in Fig. 5), highlighting the
need to consider sucker modulus when exploring the suitable
application space of the gripper.

Grasping applications

After characterizing the sucker’s capabilities and required
peeling forces, we explored the real-world applications of our
tapered grippers. Given the observed trade-off between bending
curvature and bending force, one could select either a taper angle
that places a premium on bending curvature or bending force or a
taper angle that balances both at moderate levels. In this study,
we chose: (1) an intermediate taper angle («=9°) that leads to a
good balance between high force application and moderate
bending curvature and (2) a relatively small taper angle (o =4.5°)
that places a premium on bending curvature over applied
bending force (attachment force of the a=4.5° gripper against
different surfaces is provided in Supplementary Fig. S18).

w

the o=9° tapered gripper and
its corresponding cylindrical
gripper against different sur-
faces. Soft sucker (Young’s
modulus: 260kPa) vertical
peeling forces plotted against
time for surfaces of various
roughnesses (R, <1, 20,
200 pum) for (A) the «=9° ta-
pered gripper and (B) its cor-
responding cylindrical gripper,
demonstrating the stair step-
like failure mode of the tapered
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per with stiff (Young’s
modulus: 660 kPa) and flexible
suckers (Young’s modulus:
260kPa) on planar surfaces of
various roughnesses (R,: <I, <1 20
20, 200 um). Color images are
available online.

Pull-off force (N)
(4]

Time

— D 30 .
I Tapered 9° with stiff suckers|
I Cylindrical I B 9° with flex suckers

z

o 20f T

e

=)

%

=10

= |

o

. . |
0
<1 20

200
Surface roughness (um)

200
Surface roughness (pm)



Downloaded by University Of Newcastle from www.liebertpub.com at 03/04/20. For personal use only.

TAPERED ACTUATORS WITH SUCKERS FOR IMPROVED GRASPING 7

We first demonstrated the abilities of our tapered grippers
to attach, wrap, transport, and deliver an object of interest,
which necessitated the use of both bending and suction
functionalities (Fig. 6A). Specifically, a thin plastic sheet was
grasped from an initially planar geometry and then trans-
ported and delivered in a rolled-up orientation—an operation
that could be useful in assembly line applications involving
thin membranes. In this example, the gripper characterized
by «=4.5° was able to move the thin sheet in three steps
(Fig. 6A and Supplementary Movie S3): (1) starting with the
nonpressurized gripper (0s), the suction cups made contact
with the planar surface and a vacuum was applied. (2) Once
the system detected the pressure change from the suckers, the
robotic arm lifted the sheet to a predefined height above the
workspace (4s). At ~65 (a preset time delay), the gripper
was then pressurized (P =250kPa) to ““wrap’’ the sheet into a
roll (6.5 s). (3) The robotic arm transported the sheet quickly
(8s) and at a constant speed and then delivered it to a human
hand at 12 s (by releasing the vacuum and inflation pressure).
Supplementary Figure S20 shows the inflation and vacuum

240g
70mm

pressures as a function of time during this process. Based on the
pressure sensory feedback, the “‘attach, wrap, transport, and
deliver” motion could be utilized in a semiautonomous way
and could achieve safe and efficient assistance when interacting
with a human subject. We also want to point out that we re-
peated the “‘attach, wrap, transport, and deliver”” experiment 20
times and observed a 100% success rate, demonstrating the
robustness of our system. Similar results were also observed
with the o=9° gripper, but the wrapping abilities were reduced
based on the actuator’s larger taper angle leading to smaller
curvatures (Supplementary Movie S5).

To further expand on the practical applications of our design,
we sought to create a seamless human—machine interface to
control pressurization and depressurization. As an initial proof
of concept, we constructed a device that integrated a pressuri-
zation valve and vacuum generator into a bulb-shaped handle
(60mm in diameter), with two buttons operable by a single
human hand (Fig. 6B). Using this bulb-shaped handle, we then
examined the prototype’s ability to grasp common objects
(Fig. 6C). Both the az=4.5° and the «=9° handheld prototypes

500g
750mm

FIG. 6. Exploring the application space for the tapered grippers. (A) Suction and bending for picking up, rolling, and
placing a printed plastic sheet (see Supplementary Fig. S20 for details of its pressure control). This specific task is termed
““attach, wrap, transport, and deliver’’—a video of which is available in Supplementary Movie S3 (scale bar, 30 mm). (B) In
a modified configuration, a two-button bulb-like controller that integrates a pressure valve and vacuum regulator is used,
allowing for simple, one-hand operability (scale bar, 30 mm). (C) The tapered grippers can grip a wide range of objects via
this handheld controller. Upper row: a=9° gripper; lower row: o.=4.5° gripper. Video documentation of these actions are
provided in Supplementary Movies S4 and S5. The weights and sizes of the objects are indicated for each grasped object.
(D) The tapered gripper retrieving objects from confined spaces—a video of which is available in Supplementary Movie S8

(scale bar, 30 mm). Color images are available online.
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were able to adequately grasp objects, such as a test tube (with a
diameter of 20 mm), a mug (with a diameter of 70 mm), or a
yoga ball (with a diameter of 750 mm); however, each actuator
clearly has its strengths and weaknesses based on the previ-
ously observed trade-offs between curvature and applied
bending force. The tapered gripper with «=4.5°, for example,
was able to more easily grasp the light weight items with higher
curvatures, such as the can, egg, and test tube, whereas the
o=9° gripper struggled to do so (Fig. 6C and Supplementary
Movies S4 and S5). This observation is due to the fact that the
actuator with o=4.5° can bend into a larger curved state (a
spiral shape with the tip of the actuator curling past its base)
than the actuator with «=9° (Supplementary Fig. S21A and
Supplementary Movies S6 and S7). However, the o.=9° gripper
was able to more easily grasp the heavier and bulkier objects
with lower curvatures, such as the mug and yoga ball (Fig. 6C),
and a bucket of water weighing up to 27 N, which is over 24
times the weight of the gripper (Supplementary Fig. S21B).
Moreover, the «=9° gripper was capable of gripping a cell
phone even when some of the suction cups are nonattached to
the surface (Fig. 6C). These results confirm that the combina-
tion of bending (with choosing the appropriate taper angle) and
suction can allow for the grasping of an extremely wide range
of objects, including planar and nonplanar geometries, rigid
and soft, and rough and smooth objects.

Since octopuses are well known for the ability to retrieve
objects from confined spaces by adaptively deforming the
arm when going through/out a small opening,*® we also in-
vestigated whether our octopus-inspired actuator with suck-
ers could perform similar functions. To carry out these
studies, we considered a wall with a 4 cm diameter hole and
then placed a deformable object measuring 8 cm in height on
one side (Fig. 6D) and the «=4.5° gripper (which was barely
small enough to fit through the opening) connected to a ro-
botic arm (MOTOMAN MH3F; YASKAWA, Inc., Japan) on
the other side (Supplementary Movie S8). The enhanced
flexibility provided by the tapered design enabled the gripper
to extend almost its entire length through the opening (3.5 s),
to fetch a squishy object (4 s), and to return through the small
opening with the object (6.5 s). The successful demonstration
of this retrieving behavior was only possible with our stream-
lined tapered design and thus highlights the further usefulness
of this conical geometry for object manipulation in constrained
environments. We also mounted the gripper on an elephant
trunk-like (or octopus arm-like) appendage (Supplementary
Movie S9) to demonstrate a large-scale continuum of motion in
three-dimensional space that could be safely operated in the
company of human bystanders.

Conclusions

In the present report, we used a combination of numerical
analyses and experiments to investigate the response of ta-
pered octopus-inspired soft actuators. We found that, in
contrast to typical soft actuators with a cylindrical shape that
bend with a constant curvature,>*?" ! the tapered actuators
considered in this study could achieve nonconstant bending
curvature along their lengths and a more spiral-like shape
(Supplementary Fig. S22). Guided by the numerical analyses,
we then designed and fabricated a multifunctional tapered
gripper and evaluated its gripping ability over a wide range of
structurally diverse objects. Importantly, we found that the
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enhanced flexibility of the tapered design translated into
higher gripping power. Surprisingly, through the combined
action of bending and suction, our tapered gripper could
easily grip a variety of flat, curved, smooth, and rough items,
ranging in diameter from 5 mm (Fig. 1H) to 750 mm (Fig. 6C)
and weights up to 27N (Supplementary Fig. S21B). The
varying bending curvature along the length is an intriguing
and potentially useful phenomenon in that it enables gripping
of objects of significantly smaller sizes than those typically
manipulated employing a nontapered geometry.

The pneumatic pressure input (and the resulting bending
curvature) was also seen to play an important role in the
interfacial attachment of the suckers to nonplanar surfaces
and could thus be employed to maximize the attachment
performance of the suckers to such surfaces. As aresult, and
in contrast to previously documented soft actuators em-
ploying other mechanisms of biologically inspired adhe-
sion,** =% our tapered actuators with suckers can easily grip
a variety of flat, curved, smooth, and rough items through
the combined action of bending and suction. Compared with
grippers that require several actuators organized into a
hand-like geometry,27’33’34’37’53 our system requires only a
single actuator to complete tasks thanks to its tapered form
and combined bending and suction features. This stream-
lined, high aspect ratio, multifunctional architecture thus
enables the actuators to perform tasks in narrow and con-
strained conditions (Fig. 6D and Supplementary Movie S8),
behaviors that are functionally similar to those observed in
living octopus.*®

While in this study, our actuators’ designs mimic only the
bending motion of an octopus arm, future prototypes could also
incorporate three-dimensional (out of plane) bending and elon-
gation,”*>> material stiffness variability,’®>® more structurally
complex biomimetic suckers, % or the incorporation of re-
inforcing fibrous components®-' for added functionality. Ad-
ditionally, the overall gripping performance of the actuators
could be significantly enhanced by optimizing the sucker size
and pattern for different arm taper angles. In the current study,
because of the compact design of the actuators, we employed a
simplified vacuum system to actuate the suckers, but we imagine
that the acetabular contraction of the suckers could be more
closely mimicked in future studies with different types of soft
actuators, including those based on dielectric elastomers,”>®
shape memory polymers,®" or hydrogels.*>¢>% It should also be
noted that the arm’s taper angle can be dynamically altered in
living octopuses when catching prey items of different sizes or
weights® and could, in theory, be replicated in our soft robotic
analogs using some of the design strategies and materials sys-
tems outlined above. The results and diverse octopus-inspired
design elements described here could thus help lay the founda-
tion for the future design of dynamically morphable soft robots
that can adapt in real time to perform specific tasks of interest.

Finally, our results also have implications for under-
standing the biomechanics of octopus arms. In nature, an
octopus with a small arm taper angle (e.g., O. macropus,
3.58°£0.33°), and with a correspondingly thinner muscular
structure, produces smaller bending radii to catch small preys
compared with an octopus with a larger arm taper angle (e.g.,
E. cirrhosa, 9.32°11.66°) with a thicker muscular struc-
ture.® The ecological and evolutionary consequences of this
variability may be related to (1) size, strength, and speed of
potential prey items, (2) habitat structural heterogeneity, or



Downloaded by University Of Newcastle from www.liebertpub.com at 03/04/20. For personal use only.

TAPERED ACTUATORS WITH SUCKERS FOR IMPROVED GRASPING 9

(3) depth-dependent food availability and related octopus
energetics. While the precise reasons for this observed di-
versity of arm taper angle are still largely unknown, the re-
sults reported here may shed new light on this matter and may
stimulate further hypothesis testing into the various possi-
bilities outlined above.
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