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Transporting Dispersed Cylindrical Granules: An Intelligent

Strategy Inspired by an Elephant Trunk

Yuwen Zhao, Jie Zhang, Siyuan Zhang, Peng Zhang, Guixin Dong,* Jianing Wu,*

and Jinxiu Zhang*

Manipulating granular materials is a crucial function of robotic grippers.

However, the existing approaches always suffer from low efficiency when dealing
with large quantities of dispersed granules. To overcome this challenge, inspi-
ration is drawn from an African elephant (Loxodonta Africana), which can employ
both fingertip extensions on the trunk tip to efficiently grasp dispersed granular
food all at once by mediating state transition of granules. Herein, this bio-inspired
intelligent strategy is integrated into a soft pneumatic gripper for transporting
dispersed granules. To evaluate the critical actuation pressures while grasping

can be labor-intensive for humans.
Consequently, the robotic grippers, which
build interfaces between the robotic arm
and the environment, have been developed
to assist or even replace humans by contin-
uously acquiring dexterous manipulation
strategies.)  Currently, traditional rigid
robotic grippers dominate in practical
applications for their accurate power
transmission, high load-bearing capacity,

granules, a library is constructed experimentally, and the effects of the initial
relative height and relative lifting speed on the grasping success rate are
examined. It is indicated in the experimental results that this trunk-inspired
robotic strategy leads to a success rate of over 90% and saves ~50% duration of
manipulation compared to the individual gripping fashion. Herein, new insights
may be offered in this study into a novel manipulation strategy for efficiently

transporting dispersed granular materials.

1. Introduction

Manipulation by hand is a fundamental activity that humans learn
from an early age."’ In industry, repetitive manipulation tasks
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and precise position control”’ However,
the rigid components of these grippers
may be a stumbling block for compliant
interaction with objects (especially fragile
objects) and environments.'*

Soft grippers, in contrast, are character-
ized by inherent safety, and can actively or
passively reconfigure their shape for adap-
tation of their elastic bodies to the objects
they interact with.!! Existing soft grippers
are capable of manipulating a wide range
of objects, including irregular-shaped,”® deformable,* or frag-
ile objects;!"” however, most of these grippers are merely able to
pick up the objects in an individual gripping fashion (Figure 1A),
which may suffer from low efficiency when transporting large
quantities of granular materials. Previous research has suggested
three feasible strategies to handle a large concentration of gran-
ules (Figure 1B), which required specific scenarios to be created.
The first approach is limited to gripping spherical granules,
as it struggles to handle cylindrical granules due to their elon-
gated shape (Figure 1Bi).'"! The second approach proposes
pre-stacking the granules in a container (Figure 1Bii); however,
it is challenging to encapsulate the unconstrained granules.!***!
The third approach involves the use of an array of grippers on
uniformly ordered granules (Figure 1Biii), which may exhibit
low robustness for taking up disordered ones.'* Therefore, a
practical technique for effectively handling scattered granules
remained unexplored.

The difficulty of manipulating granular materials is intricately
linked to their intrinsic physical properties. The granular
aggregation, namely a large assembly of discrete grains,* shares
certain properties with both fluids and solids, distinct from indi-
vidual grains featured in minute physical dimensions.!'®
The granular aggregation is commonly stable on the ground
for the lowest gravitational energy of a monolayer of granules,™”’
and this aggregation exhibits different characteristics depending
on the interparticle interactions when subjected to external stim-
uli and geometric boundaries."®'" For instance, when the
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Figure 1. Traditional strategies of transporting granular materials. A) Gripping the objects in an individual grasping fashion. B) Previous strategies that
can transport multiple granules at once: i) a gripper swallows spherical granules;['"? ii) a gripper consisting of wide petals is used to scoop the pre-piled
granules within a container;l'*"® and iii) an array of grippers grasp granules distributed uniformly.'¥

granules are discrete with no or partial interactions among  (Loxodonta Africana) is a voracious eater whose daily dietary con-
them, the aggregation exhibits a liquid-like characteristic with ~ sumption approximately reaches 200 kg.*® In these food, the gran-
compliance to the deformable boundaries, while this property  ular objects, such as grass, peanuts, and pellet feed, account for
can be switched into a solid-like feature with high stiffness if = 10% of the total weight, estimated to be 69 000 pellets. Ingesting
all particles are interconnected under the boundaries and external  these types of food would cost 38 h at least on daily consumption of
forces.*” Moreover, the solid-like state is also prone to be broken  granular food provided that the elephant merely picks up one par-
when any infinitesimal particle displacement occurs, known as  ticle during each fetch that lasts 2 s. Notably, the elephant manip-
metastability.*!! The nature of state transition makes the granules  ulates its trunk tip to grasp the granular food at once to improve

hard to be transported efficiently by robotic techniques. the feeding efficiency (Figure 2B), resulting in a feeding rate of
Grasping is a fundamental function of animals appendages;*>**! 180 gmin ' and reducing the feeding time to 18 hd " .*%%!

therefore, physiological behavior of animals may inspire next- Herein, inspired by the feeding behavior of an African ele-

generation robotic grippers.?*?”) A wild African elephant phant, we integrated an intelligent strategy into a soft gripper
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Figure 2. Transport strategy of an African elephant trunk tip for feeding on granular food. A) Photograph of an African elephant (left) and the fingertip
extensions of its trunk (right). B) Key events of a living elephant trunk to transport the scattered granules. The arrowed dashed lines indicate movements
of trunk body (at 3.0 and 7.2 s) and trunk tip (at 6.4 s). C) Schematics of sweeping to gather granules. D) State transition of the granular aggregation while
clamping. E) A soft gripper inspired by an elephant trunk tip. A right-handed coordinate o-xyz is established with the x axis aligning along the long way of
the gripper, and the y axis going about the axis of the connected construction. F) Design of the soft pneumatic actuator (SPA).
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(Figure 2E) for transporting scattered granules. Unlike the tradi-
tional strategy to grasp scattered granules individually, our grip-
per utilizing bio-inspired strategy can transport all dispersed
granules in one grasp with a high success rate. We demonstrated
the vast potential for utilizing this biological intelligence in the
transportation of dispersed granules.

2. Results and Discussion

2.1. Granule Grasping by an Elephant Trunk Tip

We filmed the feeding behavior of a 13 year-old male African
elephant (Loxodonta Africana). The elephant could employ the
fingertip extensions at distal end of its trunk to grasp multiple
scattered granules at once during feeding (Figure 2A). As illus-
trated in Figure 2B (Video S1, Supporting Information), the ele-
phant initiates the feeding process by utilizing the lateral side of
its trunk tip to sweep the board, enabling it to gather granules
within 3s (Figure 2C). Subsequently, the trunk tip attaches
firmly to the board and squeezes the gathered granules from both
sides to clamp them, and ultimately retracting its trunk tip to feed
itself on the granules. During the clamping of granules, the gran-
ular aggregation undergoes multiple state transitions, as illus-
trated in Figure 2D. The firm contact between the tip and the
board prevents any leakage of granules, while the squeezing
action causes the granular aggregation to undergo alternating
transitions between solid and fluid states (Figure 2D). This strat-
egy, which builds a scenario capable of highly adapting to physi-
cal nature of granules, allows the elephant to capture a larger
number of granules in each fetch, potentially enhancing the feed-
ing efficiency. This strategy has the potential to inspire a novel
robotic gripping mechanism, so we aim to establish a connection
between the animal physiology and robotic gripper with optimal
control framework in the following sections.

2.2. Trunk-Tip-Inspired Soft Gripper

Here, we developed a soft gripper to testify this bio-inspired
transport strategy. As depicted in Figure 2E, the gripper is com-
posed of two parts according to their distinct functions. The
upper part is composed of a servo motor and a connected

www.advintellsyst.com

construction that enables switching between sweeping and
clamping operations. Then, a soft pneumatic actuator (SPA) is
installed on the gripper for interacting with the target object.
As shown in Figure 2F, the SPA consists of a wrinkled stretching
layer and a flat limiting layer. Upon application of pressure P
from the air inlet, the stretching layer, featured in both air cham-
bers and outer pleats, expands and bends toward the limiting
layer, which exhibits higher stiffness.*”! In conjunction with
the stretching and limiting layers, the SPA forms a two-fingered
profile with a length of L = 100 mm, structurally analogous to an
elephant trunk tip. Compared to the traditional two-fingered pro-
file, this SPA is characterized by a one-body design paradigm that
results in lengthy fingers and wider finger pads, facilitating
sweeping of scattered granules and the grasping of gathered
cylinders.™®! The fingertips with a descending thickness from
15 to 3 mm ensure consistent contact with granules while manip-
ulating, which enhances pinching of small targets.>!! Moreover,
they form a tight seal against the ground, preventing any leakage
of cylinders even under large bending deformation. The finger
pads are coated in a wrinkled texture to enhance grasping fric-
tion. We then fabricated the SPA in the way of soft lithography
using silicone elastomer (Dragon Skin 30).*?! The procedures for
fabrication are illustrated in Figure S2, Supporting Information
(Experimental Section).

2.3. State Transition of Granules Regulated by the Gripper

We then emulated the grasping behavior of the elephant by this
soft gripper. The sweeping action is performed by tilting the SPA
using a servo motor from its original vertical position along the
x-axis of the gripper, and then coordinating with a robotic arm to
move the tilted SPA for particle collection. Next, the SPA rights
back vertically to perform clamping. Based on the primary mech-
anism that causes a change in the state of the granules, the grip-
ping process can be divided into two stages, namely the geometry
actuation (GA) stage and the force actuation (FA) stage, as
depicted in Figure 3. Specifically, we first pressurized the SPA
in the GA stage to decrease the fingertip distance D with the
grasping force F remaining approximately constant at a low
value. The fingertips with decreasing distance can squeeze the
fluid-like granules into a compact state. When the SPA is inflated

GA stage FA stage

FA stage

GA stage ‘

Grasping force F

Po Piam

Fingertip distance D

Poreak Piose Pinal

Applied pressure P

Figure 3. Phase-related operating mechanism of the SPA. Based on the primary mechanism that induces a change in the state of the granules, the
gripping process can be categorized into two stages, namely the geometry actuation (GA) stage and the force actuation (FA) stage. Sudden drops
of grasping force and fingertip distance during gripping possibly result at the pressure of Pp,eax from the critical force exerted by the SPA on the granules.
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with an air pressure of Py, the fingertip distance declines to
Dys, forming a solid granule chain with no clearances.
Further pressurization results in the transition of the actuation
stage from GA stage to FA stage. During FA stage, the fingertip
distance remains unchanged, while the grasping force augments
with the increasing applied pressure. Until the applied pressure
reaches a critical pressure Pycq, the granule chain can be broken
under a grasping force Fc. As the chain of granules collapses, the
SPA reverts to the GA stage and the energy that was stored in it is
quickly released. This causes the SPA to bend rapidly and grasp
the granules exhibiting fluid-like physics. Continued inflation
of the SPA enables the fingertips to fully close at a pressure of
Poose- The SPA then enters the FA stage, producing an increased
grasping force that ensures stable gripping for transport. Practically
to accomplish a successful grasp, the SPA is required to generate a
sufficient horizontal force that is validated correlated to the addi-
tional pressure AP (more details can be found in Supporting
Information), which is proceeded in the following section.

We regulated the position of the SPA installed on a rigid
robotic arm (Z-Arm 1832, Hitbot, China) at a relative height
of H,=0.3 away from the platform, and set the relative lifting
speed of the SPA as v, =0.1s™* (Figure 4A). This critical relative
height ensured that the SPA did not contact the flat surface dur-
ing the bending deformation and that the granules were within
the reach of the SPA. Here, the relative height H, and the relative
speed v, are defined as the ratio of the height of the SPA Hto L
and the lifting speed of the SPA v to L, respectively. We prepared
diverse granules in varying granularities S, and defined the

A
Lifting speed
v=10 mm/s

Relative speed
v, =vIL=0.15s"

Relative height
H.=HIL=0.3 d

H =30 mm

Additional pressure AP (kPa)

SPAheight | Ml

Successrate n=Ns/ N

www.advintellsyst.com

grasping success rate 7 = Ng/N to evaluate the grasping perfor-
mance of the SPA, in which Ng and N represent the number of
successfully grasped granules and the total number of granules,
respectively (Figure 4B). The SPA might exhibit enhanced adapt-
ability of grasping granules with either varying granularity and
quantities through simply increasing the additional pres-
sure.’33% However, excessive additional pressures may result
in two issues: burst failure of the SPA and energy overconsump-
tion. Therefore, we suggested a decision-making approach that
selects a minimum additional pressure to actuate the SPA for
a secure grasp. Here, we considered a success rate of 7 =90%
as the benchmark to identify a successful grasp, and depicted
the minimal additional pressure boundary that attains a 90%
success rate with a yellow line in Figure 4C. We found that
the minimal additional pressures above the benchmark vary
with both the number of granules and the granularity. For exam-
ple, for all granules in a relative size of S, = S/L = 0.05, gripping
N =13 granules requires an additional pressure of AP =50kPa
at minimum. Comparatively, we should use merely AP = 10 kPa
to pick up the granules in a number of N = 3, which reduces the
additional pressure by 4 times (Figure 4Ci). Likewise, when
grasping granules in the same quantity of N=15, an additional
pressure AP=20kPa is sufficient to secure and grip the gran-
ules in a varied relative size S, ranging from 0.04 to 0.06, while
handling granules in a relative size of S,=0.12 requires
AP=060kPa (Figure 4Cii). To further reveal the relationship
among the additional pressure threshold, the granularity,
and the number of granules, we figured out a series of granule
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Figure 4. Critical applied pressures to actuate the SPA when grasping granules. A) The experimental setup for grasping granules. The SPA is initially
located at a relative height of H, = H/L = 0.3 5", and is lifted with a relative speed of v, = v/L = 0.1 after being inflated. B) The definition of success rate 7.
N and Ns represent the total number of granules and the number of granules that are grasped up successfully, respectively. C) Map of the success rates of
grasping granules i) in an identical relative size S, = 0.05, and ii) with identical quantity N = 5. The yellow line illustrates the additional pressure boundary
for a 90% success rate. D) The minimum additional pressure to grasp target granules at a threshold of a success rate of 90%.
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configurations and introduced the SPA to take them up
(Figure S4A, Supporting Information). We extracted the mini-
mum additional pressures above the threshold in each case
and illustrated them in Figure 4D. By categorizing the granule
configurations into 7 groups according to the quantity N, the rela-
tion between the additional pressure AP and the relative size S,
can be fitted as Figure S4B, Supporting Information.

We then constructed a library based on these relations, which
enables applied pressure regulation according to the size and
quantity of target granules. For example, to grasp the granules
characterized as S, =0.07 and N=7, we should actuate the
SPA to an additional pressure of AP = 29 kPa; therefore, the cor-
responding applied pressure reaches P = 88 kPa. In the scenario
of grasping an even number of granules, we can estimate the
necessary additional pressure by averaging the pressures of
the adjacent odd-numbered granules with the same size. This
approximation method was confirmed by the experiments in
Figure S4C, Supporting Information. For example, to grasp 8
granules in a relative size of 0.08, the additional pressure can
be set to 44 kPa, which is the average of the additional pressures
for 7 and 9 granules with a relative size of 0.08 (36 and 53 kPa,
respectively). Thus, by using the quantity and granularity of the
target granules as input, we can establish a method for control-
ling the applied pressure, enabling the SPA to grip granules with
different sizes and quantities.

2.4. Grasping Performance

To explore the grasping performance of the transport strategy
enabled by the bio-inspired soft gripper, we built a scenario
for grasping dispersed granules as shown in Figure 5A.

B
4-DoF robotic arm

www.advintellsyst.com

An air pump equipped with a programmable logic controller
(S7-200 SMART, Siemens, German) is employed to regulate
the applied pressure for inflating the gripper. Additionally, we
use a microcontroller (Arduino UNO, Arduino, Germany) to con-
trol a servo motor that makes the soft gripper tilt (Figure 5B). We
prepared wooden granules with the relative size of S, = 0.12, cor-
responding quantity is N=5. As shown in Figure 5C, we first
implemented the sweeping motion of the SPA by coordinating
the robotic arm and the servo motor for gathering the scattered
granules. Then, we tuned the SPA to a vertical position using
the servo motor, and located the SPA to a relative height of
H,=0.25. To determine the total applied pressure, we selected
an additional pressure value of AP =59 kPa based on the library,
and added this pressure to the critical jamming pressure,
Piam = 50kPa, resulting in a total applied pressure of P =109 kPa.
Then, we adopted this applied pressure to actuate the SPA for
grasping the gathered granules, and demonstrated that the success
rate of grasping 5 reaches 100% (Figure 5Ci and Video S2,
Supporting Information). We also analyzed the duration required
for transporting these scattered granules. Our bio-inspired
intelligent approach took around 24 s, which is only half of the time
required for the traditional individual gripping method (as shown
in Figure 5Cii and Video S2, Supporting Information). This high-
lights the high efficiency of our transportation strategy.

To further enhance the grasping performance of our gripper,
we extracted two physical/kinematic parameters of the robotic
system that may influence the grasping success rate, including
the relative height H, and the relative speed v,. We first kept the
relative speed unchanged as v, = 0.1s™ ", and measured the vari-
ation of grasping success rate at the relative height H, ranging
from 0.15 to 0.3 (Figure 6A). We found that H, < 0.3 benefits for

Target granules . .
I Visual recognition

Computer -
Serial
communication

Microcontroller

Data-driven
control

Data-driven
control

Applied
pressure

Height

P =109 kPa P&

Figure 5. Performance of the soft gripper in transporting scattered granules. A) Experimental setup consisting of a 4-degree of freedom robotic arm, a
pressure controller, a personal computer, and the soft gripper. B) The control system for the soft gripper. C) Comparison of the duration of the bio-
inspired operation strategy i) with the individual gripping fashion ii) for grasping five granules in an average relative size of 0.12.
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Figure 6. Effects of the initial relative height and relative lifting speed of the soft gripper on the grasping success rate. A) Comparison of gripper grasping
performance in the relative height ranging from 0.15 to 0.3. B) Comparison of gripper grasping performance at a relative speed v, between 0.01 and 157",
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Figure 7. Soft gripper inspired by the gripping fashion of an elephant trunk tip for transporting scattered granular food. A) Crispy bars. B) Finger cookies.
C) Penne. D) Wafer rolls. i) Scattered granular food with varying granularities and quantities. ii) Edge detection of the granular food. iii) Snapshots of the
transporting process.
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grasping granules in a relative size of 0.04 and 0.08, which may
be attributed to the fact that lowering the height may geometri-
cally configure a secure contact between the gripper and
platform, ensuring no leakage of granules during the process
of grasping (Figure S5, Supporting Information). By contrast,
when grasping granules with S, = 0.12 using an additional pres-
sure of AP=50kPa, the success rate can be significantly
enhanced by grasping at H, =0.3 (7= 92.0 &+ 9.8%), compared
to applying the other relative heights (7 =84.0+19.6% at
H,=0.25,7=72.0 £+ 24.0% at H, = 0.2 and 0.15). Then, we kept
the relative height as a constant of H, = 0.25 to evaluate the effect
of the relative speed v, ranging from 0.01 to 15~ on the grasping
performance (Figure 6B). We found that the relative speed of
1,=0.5s"" is applicable for grasping all these granules.
Therefore, we could adopt customized operation strategies for
the robotic arm according to the granularity.

2.5. Application Demonstration

We expanded the possible uses of our soft gripper in the food
industry by correlating physical parameters, including applied
pressure, initial relative height, and relative lifting speed, on
grasping success rate. This includes handling delicate granular
foods like crispy bars, finger cookies, penne, and wafer rolls as
demonstrated in Video S3 and Supporting Information. To grasp
these granular foods, we first extracted their relative size and
quantity by the image detection techniques (more details in
Experimental Section). Based on this information, we could fig-
ure out the critical applied pressure to inflate the gripper with the
logic flow shown in Figure S6, Supporting Information. The
experimental results reveal that the data-driven soft gripper
can transport the dispersed granular food with high efficacy in
both duration (24 s) and success rate (average over 90%, 5 trails),
as demonstrated in Figure 7. This indicates that the robot inte-
grating with the bio-inspired intelligent strategy has a favorable
ability to transport the dispersed granular food in altered granu-
larity and quantity.

3. Conclusion

In this study, we uncovered an intelligent strategy employed by
an African elephant to efficiently transport granular food using
its trunk tip, which can mediate the transition of granules
between solid and liquid states. We then integrated this strategy
into our soft gripper for efficient granule transportation. To
achieve accurate actuation of the gripper, we constructed a library
to determine the critical applied pressure for grasping granules.
The experimental results demonstrate that this bio-inspired
transport strategy exhibits a success rate of over 90% in grasping
granules and the time consumption can be reduced by almost
half compared to the individual gripping fashion, making it a
promising technique for manipulating granules in production
lines. Our study specifically addresses the task of grasping cylin-
drical granules. However, handling irregularly shaped granules
may pose difficulties for the current structure. Hence, future
studies will investigate the incorporation of suction methods
with grasping to collect granules of diverse shapes, similar to
how an elephant gathers various granules.”*”!
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4. Experimental Section

Fabrication of the SPA: The molds for casting the SPA were fabricated
with resin based on stereo lithography apparatus (SLA) 3D-printing tech-
nology. Then we sprayed the release agent (Easy Release 200, Smooth-on
Inc., USA) onto the mold surfaces and dehydrated them in the lab envi-
ronment (25 °C, 1 atm) for 5 min. The two precursors (Dragon Skin 30 Part
A and Part B, Smooth-on Inc., USA) were measured in a ratio of 1:1 by
weight and mixed for 3 min. After de-bubbling for 10 min by using a vac-
uum tank, we poured the mixture into mold 2 and mold 3, and inserted
mold 1 into mold 2. After 4 h at ambient temperature for curing the limit-
ing and stretching layers, we peeled off the stretching layer, and added 10 g
of the mixture onto the limiting layer for bonding the two layers. When the
silicone rubber solidified, we trimmed the SPA and inserted a tube into the
airway entrance of the SPA, and then inflated it to check the air tightness.

Evaluation of success rate: For the SPA grasping experiment
(Figure 4C,D, 6 and 7), we attempted to grasping the target granules five
times for each case, and recorded the mean value and standard deviation
of the success rate. For the experiment shown in Figure 5C, the sweeping
speed and lifting speed were both set to 50 mm s, and the relative height
was 0.25. The time reserved for grasping was set to 3 s. Before the sweep-
ing operation shown in Figure 5Ci, the gripper first rotated 90° clockwise
around the y-axis, and the SPA tilted to 30° from the vertical direction.
Thereafter, the SPA descended to the flat surface, and the sweeping
operation started.

Visual recognition module: To accurately grasp of scattered granular
food, we not only extracted the image edge but calculated the applied
pressure based on the library (Figure S6, Supporting Information).
Specifically, we first captured photos of the scattered granules with a cam-
era (EOS 6D Mark Il, Canon, Japan), and then binarized and refined the
image by Gaussian filtering in MATLAB R2020b. We then extracted their
edges with Canny operator, and further refined the binary image by using
morphological operation to eliminate the interference of the background
and the grain surface texture.*” To count the number of granules and
calculate the granularity, we labeled the center of each connected compo-
nent in the binary image in a sequence, and calculated the contour size of
each connected component from the pixel points.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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