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Abstract

African elephants have a wide range of abilities using their trunk. As a muscular hydrostat,
and thanks to the two finger-like processes at its tip, this proboscis can both precisely grasp
and exert considerable force by wrapping. Yet few studies have attempted to quantify its dis-
tal grasping force. Thus, using a device equipped with force sensors and an automatic
reward system, the trunk tip pinch force has been quantified in five captive female African
savanna elephants. Results showed that the maximum pinch force of the trunk was 86.4 N,
which may suggest that this part of the trunk is mainly dedicated to precision grasping. We
also highlighted for the first time a difference in force between the two fingers of the trunk,
with the dorsal finger predominantly stronger than the ventral finger. Finally, we showed that
the position of the trunk, particularly the torsion, influences its force and distribution between
the two trunk fingers. All these results are discussed in the light of the trunk’s anatomy, and
open up new avenues for evolutionary reflection and soft robot grippers.

Introduction

African savannah elephants (Loxodonta africana) use their trunk in various contexts such as
feeding, watering, environmental exploration, vocalisation, social behaviour, tool making and
tool use [1]. This multitasking proboscis is mainly composed of six muscle groups: longitudi-
nal, superficial oblique, deep oblique, radial dorsal, radial ventral; and transversal muscle
groups [2]. It has 63,000 facial neurons [3] and has no skeletal support system. Asian elephants
(Elephas maximus) possess up to 150,000 muscle fascicles but this data has not been reported
for African savannah elephants [4]. This particular anatomy makes this organ a muscular
hydrostat, i.e., an organ that retains its volume regardless of shape change. Its high degree of
freedom [5] allows it to move precisely and exert significant force [6-8]. African elephants
have colossal strength, capable of uprooting a tree, yet few studies have attempted to quantify
this grasping force. Experimentally, it has been shown that a female Savannah African elephant
can lift 63 kg by wrapping her trunk around a dumbbell, which is only 2% of her body weight
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and 65% of her trunk weight. However, the authors assume that the elephant is limited by the
experiment’s setup and can lift a heavier weight [7]. The trunk tip of the African elephants,
unlike the Asian elephants, has two finger-like processes on the dorsal and ventral trunk edges
[9]. The dorsal tip finger is a continuation of the dorsal part of the trunk, with radial and longi-
tudinal muscles extending almost to the very distal end. On the ventral side, superficial oblique
muscles become more longitudinally aligned close to the tip, whereas deep oblique muscle
fibres seem to gradually align and merge with the radial ventral muscles [2]. Thus, they can
grasp objects of various shapes, sizes, weights and quantities with their trunks by adapting
their grasping strategy [2, 7-12]. Indeed, they can grasp small or thin objects using suction

[11] and use their trunk fingers to pack together a series of items for a single pickup varying
their force from 7 to 47 N [8]. African elephants tend to pinch smaller objects between the two
trunk-tip fingers and grasp larger objects by wrapping the trunk distally around them [2]. Dur-
ing the test sequence to validate our experimental system, it was shown that a female Savannah
African elephant can apply a force of at least 32.79 N when pinching with the two fingers of its
trunk [6].

The grasping systems of animals, including elephants, have been selected through evolution
for their effectiveness in responding to functional, morphological and environmental con-
straints. These capabilities have inspired robotic engineers to incorporate bioinspired technol-
ogies into their designs [13-16]. Thus, for the past two decades, the full range of abilities of the
elephant’s proboscis has inspired research in soft robotics, specifically in manipulative and
grasping robots. It is the field of robotics in which the actuators and electronics are engineered
from elastomers, textiles and other soft materials to mimic the flexibility and deformability of
natural biological tissue, [17-21]. Actually, grasping objects is one of the fundamental capabili-
ties that robots must be able to perform to carry out routine activities. Grippers are thus the
most essential components of robots. They are essential in many manipulation tasks, serving
as end-of-arm tools and mechanical interfaces between robots and environments/grasped
objects [22]. Biomimetic soft elephant grippers are developed to enhance human safety and
adapt to cluttered and unpredictable environments, by actively or passively reconfiguring their
shape, for adaptation of their elastic bodies to the objects they interact with [23, 24].

In a biomimetics context, the force that elephants can exert is important data to collect. It is
important for robotics and also for evolutionary biology in the context of morpho-functional
studies linking performance, e.g. bite force [25] or grip force [26], and the type of grasping or
morphology of the organ. Therefore, this study focuses on the pinching grasp exerted by the
prehensile trunk tip because this allows small objects to be picked up with high precision [2, 8,
11], which is complex and particularly useful in robotics.

Using a device equipped with force sensors and an automatic reward system [6], the maxi-
mum trunk tip pinch force has been quantified in five captive female African savanna ele-
phants (ZooParc of Beauval, France). As previously mentioned, it was demonstrated that an
elephant can apply a pinching force of at least 32.79 N [6]. Thanks to the keepers’ indications,
we know that the force of the tip of the trunk is much less than that generated by a human
hand grip which ranges between 274 N for women and 461 N for males. In comparison,
human tip pinch, i.e. thumb tip to index fingertip, force is between 49 N for women and 68 N
for males [27]. Thus, we hypothesise that the maximum trunk tip force ranges between 32.79
Nand 257 N.

We studied the force of pinches performed in different trunk positions using several sen-
sors’ orientations. In humans, arm position, such as wrist flexion and forearm rotation, affects
the generation of grip force [28, 29]. Thus, despite a radically different structure, the position
of the elephant’s muscular hydrostat could impact the deployment of the force. The distribu-
tion of the applied force between the two trunk fingers was also studied as the system has two
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Table 1. Age and origin of the studied elephants.

Name Birth location Birth year Age (in 2023)
Marjorie Born wild at Kruger National Park 1986 37 yrs
M’Kali Born wild at Kruger National Park 1989 34 yrs
Tana Born wild at Unknown 1987 36 yrs
Juba Born wild at Unknown 1987 36 yrs
Ashanti Born captive-born by Kruger x Shaba at Knowsley Safari Park 2003-01-15 20 yrs

https://doi.org/10.1371/journal.pone.0301529.t001

independent sensors. The dorsal finger, pointy and longer, has a relative volume of the trunk
muscles bigger than the ventral finger, rounded and shorter [2]. Therefore, we expect the dor-
sal finger to exert more force than the ventral finger.

All results will be discussed from an evolutionary and bioinspired perspective.

Materials and methods
Subjects and housing

The experiments were conducted at the ZooParc de Beauval (France) for 3 months, in May
and July 2022 and then in April 2023. Information concerning the involved female African
savannah elephants is available in Table 1.

In this study, we observed elephants in an indoor setting. Every morning, time was devoted
to medical training: one to three elephants were isolated in an enclosure dedicated to daily care
and grooming, to facilitate any future medical intervention. The experiment took place during
those training sessions and the running order changed each week. Before the experiment, the
elephants had already been familiarised by the keepers with fake pinch sensors (S5 Fig).

Ethical note

As the data were collected by keepers during the daily elephant training sessions, only standard
elephant-keeper interactions occurred, following zoo security regulations. All procedures were
conducted following the relevant CNRS guidelines and European Union regulations (Directive
2010/63/EU).

Functioning of the device

The device for measuring the grasping force was a wooden box 1.60 m high, with two force
sensors connected to an electronic system (Fig 1). The latter recorded the pinching force and
automatically released apples as a reward. Force thresholds were defined from 0.5 to 8 kg.
Depending on the ability of the elephants to pinch on the sensors, thresholds were every 500g
or every kilo. When the individual achieved to pinch hard enough to pass a threshold an apple
was released. To release the next apple, she had to pinch harder than the previous time and
exceed a new threshold. By repeating this action, maximum force was achieved. Details of the
design and functioning of this device are set out in the article dealing with the validation of
this system in a zoological park [6]. Unlike the system presented in the latter article, the sensors
were upright at the height of the trunk when extended right in front of the elephant, i.e. 1.20 m
high (Fig 2A).

During the first three weeks of May 2022, the elephants were trained to experiment without
being filmed. Those data were not used for analyses. Then, during one week in May and the
whole month of July 2022, the elephants experimented with the sensors in a vertical orienta-
tion. Then, to test the influence of the position of the trunk on the maximum force and the
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|[Exit trap for apples|
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Fig 1. Schema of the experimental device seen from the side. See Cornette et al. 2022 [6] for more details.

https://doi.org/10.1371/journal.pone.0301529.9001

distribution of force between the two fingers, the sensors’ orientation was changed to horizon-
tal and the elephants experimented with it for the whole month of April 2023 (Fig 2B).

The course of the experiment

We conducted three to nine experimental sessions per elephant (see details in Table 2). An
experimental session was conducted as follows: each sensor is calibrated every day, before the
experiment, using three objects with known masses [for more details on the calibration proto-
col, see 6]. Then, the elephant was isolated in a training pen and kept away from the box by a
keeper. The sensors have been placed at a distance of 2 £+ 0.1 m from the fence. The computer
program has been started, the code used to measure the forces has been sent to the Arduino
system, the fresh apples have been loaded into the box and the camera that filmed the experi-
ment from a side view has been started. The signal has been given to the keeper who suggested
that the elephant come and pinch the sensors, with the spoken command: "pinch". The ele-
phant pinched the sensors harder and harder and was rewarded with apples. The force data
has been recorded live on the computer. When the elephant was no longer able to reach the
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(B) 90-degree rotation

Fig 2. Photos of the experimental device. Side view of the whole setup when the elephant searches for the vertical sensors with its trunk straight (A). Change
of sensors’ orientation view from the front: from vertical to horizontal orientation (B).

https://doi.org/10.1371/journal.pone.0301529.g002

next threshold and therefore began to lose interest or become annoyed by pushing, tapping or
pulling on the device, the force thresholds were reset. Thus, the elephant could get an apple
easily and end up with a good experience giving her the desire to repeat the experiment in the
next session. Then the session stopped. The keeper removed the elephant, the device was
removed and the camera was turned off. The sessions lasted between 1 min 35 sec and 7 min
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Table 2. The number of sessions by elephants according to the orientation of the sensors.

Vertical sensors Horizontal sensors
Tana 6 7
M’Kali 5 9
Ashanti 5 7
Juba 3 7
Marjorie 5 9

https://doi.org/10.1371/journal.pone.0301529.t002

42 sec with an average of 4 min 14 sec. Each elephant made between 133 and 277 sensors’
grasps, including 26 to 112 pinches.

Data analyses

For each session, the collected and time-stamped data are compiled in a table showing the
force exerted on the two sensors. Analysis of this table alongside the videos of the experiment
enabled us to note, for each grasp, the identity of the elephant, the maximum force on each
sensor, the type of grasp, i.e. pinch, wrap or other, the sensors’ orientation, i.e. vertical or hori-
zontal, the bending of the trunk, i.e. unbent or bent, and the association between fingers and
sensors, i.e. which finger is placed on which sensor. The maximum pinch force across all ses-
sions was then recorded in a table for each elephant depending on the sensors’ orientation and
bending of the trunk. To compare the force according to the sensors’ orientation, the data has
been made comparable and the individual effect has been removed. For each comparison, only
the elephants that performed pinches in both orientations were kept in the analysis. In addi-
tion, so that the data from each elephant had the same weight in the analysis, the number of
force measurements considered was that of the elephant that performed the fewest pinches
(Table 3). For example, if two elephants A and B pinched the sensors 6 and 10 times respec-
tively,the comparison will be made with the 6 force measurements of elephant A and the 6
highest force measurements of elephant B. Then, boxplots were carried out with weighted data
using the R version 4.1.1 software [30] and the “ggboxplot” function of the “ggpubr” package
[31]. Wilcoxon signed-rank tests were used to compare the average force of the pinches on

Table 3. Number of elephants and pinches observed according to the analysis.

Analysis Trunk sensors’ Fig Number of Number of pinches observed per
position orientation number elephants elephant
Comparisons of pinching force according to the sensors’ Unbent Vertical 4 4 7
orientation Horizontal 7
Bent Vertical 5 2 29
Horizontal 29
Comparisons of pinching force according to the trunk Unbent Vertical No Fig 3
position Bent
Unbent Horizontal No Fig 1 25
Bent 25
Comparisons of the difference in force between the dorsal Unbent Vertical 6 5 162
and ventral fingers Horizontal 4 75
Bent Vertical 3 73
Horizontal 3 68

The raw data are available in the repository Open Science Framework [33]

https://doi.org/10.1371/journal.pone.0301529.t003
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vertical and horizontal sensors using the “wilcox.test” of the “stats” package [30]. This analysis
has already been carried out in other studies, for example for maximum bite force comparisons
[32]. The pinch forces are considered to be statistically different when the p-value is strictly
less than 0.05. To compare the force performed by the two trunk fingers, for each sensors’ ori-
entation and bending of the trunk, the difference in force between the two fingers of the pro-
boscis was obtained by subtracting the force of the dorsal finger from that of the ventral finger
for each pinch. Boxplots and Wilcoxon signed-rank tests were carried out, using the same R
packages as previously mentioned. The dots above the 0 line represent a pinch where the dorsal
finger was stronger, and the dots below the 0 line represent a pinch where the ventral finger
was stronger.

Results
The trunk positions during pinches

The elephants pinched on the sensors using four trunk positions. Indeed, with the vertical sen-
sors, the elephants positioned their trunks either straight out in front of them (Fig 3A) or with

(A)

Vertical sensors

Horizontal sensors

Fig 3. Trunk positions during the pinching of the force sensors, from the side view. The two first pictures represent
pinches on the vertical sensors when the trunk was straight (A) and bent (B). The two-second pictures illustrate
pinches on the horizontal sensors when the trunk was twisted (C) and twisted and bent (D). The coloured dots
represent anatomical landmarks to help understand the movements of the trunk on the drawing.

https://doi.org/10.1371/journal.pone.0301529.9003
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the distal end of the trunk bent (Fig 3B). With the horizontal sensors, the elephants positioned
their trunks either twisted (Fig 3C) or twisted and bent (Fig 3D). The number of pinches car-
ried out in each trunk position have been summarised in Table 3.

The maximum trunk tip force during pinches

Unbent trunk. For all elephants combined, the maximum pinching force with the vertical
sensors, i.e. the trunk straight, was 86.4 N and 56.3 N with the horizontal sensors, i.e. the trunk
twisted (S1 Table).

This experiment enabled us to compare the average force of pinches on vertical and hori-
zontal sensors. The results showed that the pinches on vertical sensors were stronger on aver-
age (53.53 N) than the ones on horizontal sensors (32.62 N) (W = 176, p-value = 0.0002776;
Fig 4).

Bent trunk. For all elephants combined, the maximum pinching force with the vertical
sensors, i.e. the trunk bent, was 67.7 N and 66.7 N with the horizontal sensors, i.e. the trunk
bent and twisted (S1 Table).

When the trunk was slightly bent during pinching, in the same way as when the trunk was
straight, the pinches on vertical sensors were stronger on average (38.66 N) than the ones on
horizontal sensors (32.37N) (W = 1129, p-value = 0.002283). However, the difference in force

*k %k

80 1 ”
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O [ ]
— ..
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% a
£ o« *
D' L ]

401

@
20+ _— !
Vertical Horizontal

Sensors' orientation

Fig 4. Comparison of pinching force according to the sensors’ orientation when the trunk was straight. The force
is expressed in Newton (N). Each colour represents a sensors’ orientation: blue for pinches on vertical sensors and red
for pinches on horizontal sensors. The p-value of the Wilcoxon signed-rank tests used to compare sensors’ orientation,
less than 0.001, was summarized with three asterisks.

https://doi.org/10.1371/journal.pone.0301529.g004
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*%*

Pinching force (N)
N
o

207

Vertical Horizontal
Sensors' orientation
Fig 5. Comparison of pinching force according to the sensors’ orientation when the trunk was bent. The force is
expressed in Newton (N). Each colour represents a sensors’ orientation: blue for pinches on vertical sensors and red for

pinches on horizontal sensors. The p-value of the Wilcoxon signed-rank tests used to compare sensors’ orientation,
less than 0.01, was summarized with two asterisks.

https://doi.org/10.1371/journal.pone.0301529.g005

between the two sensors’ orientation was greater when the trunk was bent than when the
trunk was bent and twisted (Fig 5).

Comparison of pinch force between unbent and bent trunk positions. A comparison of
the average pinch force as a function of the bending of the trunk showed no difference between
the unbent and bent trunk forces, regardless of the sensors’ orientation (vertical sensors:
unbent = 35.06 N vs bent = 38.65 N, Wilcoxon signed-rank tests: W = 88, p-value = 0.3777 and
horizontal sensors: unbent = 26.19 N vs bent = 25.08 N, Wilcoxon signed-rank tests: W = 317,
p-value = 0.9387). However, the results also showed that the maximum pinch force on vertical
sensors was higher when the trunk was unbent (67.7 N bent vs 86.3 N unbent), while the maxi-
mum pinch force on horizontal sensors was higher when the trunk was bent (66.7 N bent vs
55.9 N unbent; S1 Table).

Force distribution between the fingers

We analysed the distribution of force between the two fingers of the trunk as a function of the
position of the trunk.

Unbent trunk. The results showed that the two fingers of the trunk did not apply the
same force, regardless of the sensors’ orientation. On average, the dorsal finger pressed harder
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on the sensor than the ventral finger during a pinch on vertical (dorsal: 30.21 N vs ventral: 8.83
N) or horizontal sensors (dorsal: 12.07 N vs ventral: 10.30 N). However, no pinch where the
ventral finger was stronger than the dorsal finger was recorded with the vertical sensors,
whereas many pinches were recorded where the ventral finger was stronger than the dorsal fin-
ger with vertical sensors (Fig 6). In addition, considering only maximum force, the dorsal fin-
ger could apply up to 60.2 N during a pinch on vertical sensors and 34.4 N during a pinch on
horizontal sensors, while the ventral finger could apply up to 30.1 N during a pinch on vertical
sensors and 38.1 N during a pinch on horizontal sensors (S2 Table). Finally, the difference in
force between the dorsal and ventral fingers was higher during pinches on vertical sensors
than during pinches on horizontal sensors (W = 11516, p-value < 2.2e-16; Fig 6).

Trunk bent. The dorsal finger always pressed harder on the vertical sensor than the ven-
tral finger during pinches (on average, dorsal: 28.74 N vs ventral: 6.67 N; Fig 6). Actually, the
dorsal finger could apply up to 58 N, while the ventral finger could apply up to 18.6 N (S2
Table). On the contrary, the ventral finger pressed on average harder on the sensor than the
dorsal finger and most pinches were recorded with the ventral finger being stronger than the
dorsal finger on horizontal sensors (dorsal: 12.75 N vs ventral: 17.46 N; Fig 6). The dorsal fin-
ger could apply up to 37.6 N, while the ventral finger could apply up to 41.7 N (S2 Table). In
addition, as with the trunk unbent, the difference in force between the dorsal and ventral fin-
gers was higher during pinches on vertical sensors than during pinches on horizontal sensors
(W =4767, p-value < 2.2e-16; Fig 6).

901
I ]
K*kk
f l
601 ns ok
1 1
[ ]
z Position
o) ;
g E Unbent & vertical
g 30 . Bent & vertical
% Unbent & horizontal
g EI Bent & horizontal
(9]
L
0 4
Unbent Bent Unbent Bent
Vertical Horizontal
Position

Fig 6. Comparison of the difference in force between the dorsal and ventral fingers according to the trunk
position. The dots above the 0 line represent a pinch where the dorsal finger was the stronger of the two and the dots
below the 0 line represent a pinch where the ventral finger was the stronger of the two. The force is expressed in
Newton (N). Each colour represents a combination of trunk position and sensor orientation: dark green for the unbent
trunk with vertical sensors, light green for the bent trunk with vertical sensors, dark violet for the unbent trunk with
horizontal sensors, and light violet for the bent trunk with horizontal sensors. P-values of the Wilcoxon signed-rank
tests used to difference in force between the fingers were summarized with asterisks: “ns” means p-value > 0.05 and
“F%” means p-value < 0.001.

https://doi.org/10.1371/journal.pone.0301529.g006
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Comparison of fingers’ force difference between unbent and bent trunk positions. The
difference in force between the dorsal and ventral fingers was similar whatever the trunk posi-
tion during pinching on vertical sensors (W = 6095, p-value = 0.7067).

On the contrary, this difference increased when the trunk was unbent compared to when it
was bent during pinching on horizontal sensors (W = 1390.5, p-value = 2.8e-06; Fig 6).

Discussion
The maximum trunk tip force during pinches

This work, the first with a headcount of 5 elephants, showed that the female African savannah
elephants can exert a trunk tip force at least of 86.3 N, which is consistent with our hypothesis
of a force between 32.79 N and 257 N. We know that a female elephant can lift at least 63 kg
(~618 N) by wrapping her trunk around a dumbbell [7]. However, the nostrils dominate the
internal volume at the trunk tip, thus the muscles have less space which may explain the lower
force recorded by our study. Indeed, only four of the six muscle groups are present in the distal
part of the trunk. The dorsal tip finger is a continuation of the dorsal part of the trunk, with
radial and longitudinal muscles extending almost to the very distal end. On the ventral side,
superficial oblique muscles become more longitudinally aligned close to the tip, whereas deep
oblique muscle fibres seem to gradually align and merge with the radial ventral muscles [2]. In
addition, the prehensile trunk tip is used to grasp small objects with high precision that does
not require great force [2, 8, 10, 11], so it seems to appear a functional division between the
“body” and fingers of the trunk, which are associated with the powerful and the precision
respectively.

Variability of the trunk tip force according to the trunk position

The results show that the pinching force was similar on average between the straight and bent
trunk, regardless of the sensors’ orientation, disproving our hypothesis. We assumed that the
formation of a joint could increase the pinching force, such as for the compressing force [8]. It
would appear that the bend did not allow the pinch force to be increased. However, the results
showed that some elephants were more comfortable bending their trunk to deploy their maxi-
mum force, while others were more comfortable with their trunk straight to force. These
results show an inter-individual variation in the effect of trunk position on the value of maxi-
mum force. It would be interesting to study the variation in force and preferred trunk posi-
tions between individuals as a function of their morphological characteristics.

Unlike bending, torsion of the trunk was related to the force measurement. Regardless of
the trunk position, the pinching force on vertical sensors was higher than the one on horizon-
tal sensors. Each movement is the result of simultaneous contractions and releases of different
muscles. The torsion is possible thanks to the contraction of the superficial and deep oblique
muscles located in the ventral part of the trunk. The stress generated by the ventral oblique
muscles can be transmitted to the dorsal side by the connective tissue wrapped around the
muscular core [2]. The trunk muscles also produce the force the elephant needs to grasp
objects. The inward bending of the dorsal and ventral fingers, necessary for pinching, is caused
by the contraction of the radial groups, causing a passive elongation of the outer longitudinal
fibres, and the merged deep oblique and radial ventral muscles respectively [2]. We can there-
fore assume the existence of a compromise between torsion movement and pinch force in
using the trunk muscles, which could explain a reduction in pinch force during a torsion
movement.
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Force distribution between the fingers

The dorsal and ventral fingers reached maximum forces of 60.2 N and 41.7 N respectively. The
dorsal finger was on average stronger than the ventral finger. These results are consistent with
our hypothesis linked to the difference in relative volume between the muscles in the two fin-
gers. The muscles present in the dorsal part represent 56% of the relative volume of the mus-
cles of the trunk, whereas those present in the ventral part represent 37% [2]. In addition, the
different geometry of the trunk wrinkles and folds, which influence its elasticity, and the differ-
ent oblique muscle proportion between the two trunk parts, allow the dorsal part of the trunk
tip to stretch 5.1 cm further than the ventral part [34]. The skin on the dorsal part of the trunk
comprises a series of folds whose length is greater than that of the ventral region. Moreover, in
the ventral-distal part, the oblique muscles represent the largest proportion of the cross-section
and may limit the trunk extension [2, 34]. The dorsal finger could therefore have a better grip
on the sensors, which could explain the difference in force.

In comparison, in humans, when the thumb and index finger pinch, the forces are not
always equal. Depending on the surface, the thumb may be stronger than the index finger
(thumb: 7.48+0.13 N vs index: 6.11+0.20 N), or both fingers may be equally strong (thumb:
6.32+0.14 N vs index: 6.08+0.14 N) [35]. In addition, the directions of force vectors were
dependent on the magnitude of the pinch force applied, especially at force levels below 2 N.
The two force vectors were never observed to be perfectly opposed, whereby not intrinsically
satisfying static equilibrium [36]. The same phenomenon could occur between the two fingers
of the elephant’s trunk, explaining the greater force of the dorsal finger compared to the ven-
tral one.

However, the force distribution between the fingers was related to the trunk position. On
one hand, torsion reduced the difference in force between the fingers and increased the num-
ber of pinches in which the ventral finger was the strongest. Indeed, the torsion reduced the
dorsal finger’s maximum force and increased the ventral finger’s maximum force. On the
other hand, bending reduced the maximum force of the dorsal and ventral fingers and the dif-
ference in force between the fingers was similar on average between the unbent and bent trunk
with the vertical sensors. With the horizontal sensors, the bending, combined with torsion,
increased the difference in force between the fingers and the number of pinches in which the
ventral finger was the strongest. The bending increased the maximum force of the dorsal and
ventral fingers but not in the same proportions. The muscles used to bend the trunk and to
pinch are the same, i.e. the longitudinal and radial groups. The oblique muscles are used to
twist the trunk and are also present in the ventral finger, more aligned longitudinally than in
the rest of the trunk. It is possible that the contraction of these muscles, which twist the trunk,
indirectly increases the force of the ventral finger.

Torsion of the trunk by contraction of the oblique muscles will twist the longitudinal mus-
cle fibres, also affecting the length of the trunk [5]. This deformation of the longitudinal mus-
cles may prevent them from contracting correctly and thus affects the ability of the dorsal
finger to bend to perform the pinch. The radial muscle fibres, lying perpendicular to the longi-
tudinal, are less affected by torsion. Thus, the force of the dorsal finger decreases and that of
the ventral finger increases during twisting. It could be interesting for future robots to have
oblique, longitudinal and radial 'muscles’ in symmetry on the ventral and dorsal sides to avoid
certain movements reducing the pinch force.

Desirable properties of soft robot actuators include infinite degree of freedom, large defor-
mation, high compliance and relatively large output force [for a review on soft robotic grippers
see 37]. Currently, the reliability of gripping small objects is often not high due to the small
contact area [38]. The reliability of pinch gripping has been improved by creating a two-finger
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soft-robotic gripper with modules of different heights [38]. However, their gripper and all
other existing two-finger soft-robotic grippers have a symmetrical constitution with fingers of
the same shape and deploying the same force [examples: 38-40]. There are already asymmetri-
cal robots mimicking the trunk body, similar to the non-homogeneity of the elephant trunk
during stretching, which is not due to muscle but to asymmetries in the properties of the skin
[14, 34, 41]. This study also highlights the benefits of asymmetries in terms of shape and force
between the two fingers, which could lead to more versatile robotic grippers that are efficient
gripping without having to deploy greater force.

Conclusion

In this study, we measured that the maximum pinch force of the trunk of female African
savanna elephants was at least 86.4 N and deduced that this part of the trunk was mainly dedi-
cated to precision grasping. We have highlighted the difference in force between the two fin-
gers of the trunk, with the dorsal finger predominantly stronger than the ventral finger, and
finally, we have shown that the position of the trunk, and particularly the torsion, influences
its force but also the distribution of force between the two fingers of the trunk. The difference
in force between the elephant’s two fingers has never been studied before, and we hope that
these results will open up new food for thought about soft grippers.

Supporting information

S1 Fig. Maximum pinch force of the trunk tip with vertical sensors by session when the
trunk is unbent. The force is expressed in Newton (N). Each colour represents an elephant:
orange for Ashanti, grey for Juba, dark blue for M’Kali, yellow for Marjorie and light blue for
Tana.

(TIF)

$2 Fig. Maximum pinch force of the trunk tip with horizontal sensors by session when the
trunk is unbent. The force is expressed in Newton (N). Each colour represents an elephant:
orange for Ashanti, grey for Juba, yellow for Marjorie and light blue for Tana.

(TIF)

$3 Fig. Maximum pinch force of the trunk tip on vertical sensors by session when the
trunk is bent. The force is expressed in Newton (N). Each colour represents an elephant: dark
blue for M’Kali, yellow for Marjorie and light blue for Tana.

(TIF)

$4 Fig. Maximum pinch force of the trunk tip on horizontal sensors by session when the
trunk is bent. The force is expressed in Newton (N). Each colour represents an elephant:
orange for Ashanti, dark blue for M’Kali and yellow for Marjorie.

(TIF)

S5 Fig. Photo of the fake pinch sensors.
(TIF)

S1 Table. Maximum pinch force of the trunk tip per elephant on vertical and horizontal
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