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Abstract

Bioinspiration can be considered one of the keys for future smart and versatile robotic systems. Plants could be an im-
portant source of ideas despite the fact that they have not yet been deeply observed and considered. In this paper, climbing
tendril-bearer plants that, by means of irritable filiform organs called tendrils, search for a support, grasp it and climb to gain

height, have been used to study and develop an effective climbing robot. The study aimed first to evaluate the main movements
and behaviors of the tendril from a biomimetic point of view. The tendril complexity was then simplified, a robotic model was
developed and a kinematic simulator was designed and implemented to visualize and evaluate the chosen system. Finally, based

on the biological, technical and numerical evaluations, the main tendril behaviors were replicated by proof of concept devices

made of smart materials to move towards a practical realization and to replicate the simulated results. The designed proof of

concept prototypes showed good repeatability and feasibility.
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1 Introduction

Natural rules, concepts, mechanisms and principles
can inspire new engineering technologies, algorithms,
devices and solutions!"?,

In the literature, different and successful biomi-
metic approaches can be found in the robotics field, in
particular for mimicking legged animals, birds and in-
sects?® ).

Very often robotic-inspiration comes from the
animal world. To date, the most effective climbing ro-
botic systems are inspired by spiders and geckos. Indeed,
on one hand, claw-systems have been realized for
climbing rough hard surfaces (stone) or soft surfaces
(tree bark, leaves)“o], while on the other hand,
dry-adhesive systems have been designed and proto-

typed for climbing almost-smooth surfaces®*”!.

Plants can be an important source of ideas!'"

even
if they have not yet been deeply observed and consid-
ered. Plants climb by first winding with a consequent
grasping exploiting different techniques. To give robots

the grasping ability, most of the researches have focused
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12.13] Grasping

hands have been studied from different biomimetic

on mechanical hands since the eighties!

points of view: tactile sensing, restraining (fixturing) and
manipulating with fingers (dexterous manipulation). To
this end, both the grasping hand behavior mathematical
model and the recognition of the object form and posi-
tion can be considered as complex tasks. As a conse-
quence, robotic grasping systems can usually only as-
sume most or all the information needed for the grasping
or exploit vision to obtain a relevant object’s fea-

14,15
tures[ ’ ].

Anthropomorphic multifingered grasp-
ing/fixturing can be classified in two ways: enveloping
or fingertip grasp. Exhaustive reviews on these topics
have been published"'® ™. Winding robotic systems
have been considered and designed to replicate the ca-
pabilities of some special animals such as snakes. Hi-
rose’s group, starting from a study of snake move-
ments!'” developed a class of rigid-link hyper redundant
dexterous manipulators called “Active Cord Mecha-
nism” (ACM) or “serpentine robots”. Robinson and
Davies studied a class of continuum manipulators®”),

systems with a backbone structure with a high number of
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joints and a very short length of links. This approach
leads to an ideal continuum structure that can bend,
contract and extend at any point (e.g. Refs. [21, 22]).
Today, artificial tendons and artificial muscle technolo-
gies are effective hardware realizations. Other success-
ful works on backbone manipulators are the octopus and
the arms and tentacles of squid-inspired robots'*’), e.g.
the OCTARM robot, and the trunk and tentacles-inspired
robot!****

Project (EU-FP7), novel design principles and tech-

, e.g. Air Octor. Recently, in the Octopus

nologies for a new generation of high dexterity
soft-bodied robots inspired by the morphology and be-
havior of the octopus have been studied?®*”). The de-
velopment of an effective climbing bio-inspired robot is
still a challenge. In this work, the biomimetic approach
has been applied to climbing tendril-bearer plants that,
by means of tendrils, search for a support, grasp it and
climb®*!. Tendrils are filiform, long, irritable organs,
derived from stems, leaves, or flower peduncles™

which may occur either as un-branched or

multi-branched organs with a variable length, from

3.8 ¢cm to 40 cmP”.

Besides a general sensitivity for
mechanical stimuli, many plants have evolved special-
ized organs with highly developed mechanisms to per-
ceive and transduce the applied forces®'). Mimosa pu-
dica L for example, responds to touch by folding up its
leaflets. The stimulus then propagates from one leaflet to
the adjacent one and ultimately to adjacent leaves®”.
Concerning touch-induced movements, tendrils are able
to coil around a support and grasp it, enabling the plant
to achieve vertical height without a proper supporting
trunk. As first described by Charles Darwin, tendrils

: 2
perform three main movements'>*~"!

» Circumnutation, an endogenous movement in-
creasing the probability of contact with supports, Fig. 1;

» Contact coiling, in which the stimulated tendril
coils around a support, Fig. 2a;

* Free-coiling, in which the tendril develops helical
coils along its axis, not necessarily as a result of stimu-
lation, Fig. 2b and Fig. 2c.

Circumnutation, which was first introduced by the
Darwins (father and son"), is an oscillating growth
pattern in rapidly elongating plant organs, such as
roots, shoots, branches and flower stalks. Circumnuta-
tional oscillations are the manifestations of radially
asymmetric growth rate, the typical of elongating plant
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Fig. 1 Tendril circumnutation behavior: by growing (a), the
tendril sweeps and searches a support (b)P*.

Fig. 2 Tendril coiling behaviors: (a) grasping by coiling; (b)
free-coiling and (c) perversion effect**.

organs®”. Darwin’s close observation of the behavior of
climbing plants led him to speculate that they exploit this
movement for “searching” for an upright support. The
circumnutational movement sweeps the tendril about in
different paths increasing the possibility of contact with
a support. Maximum tendril circumnutation usually
coincides with the period of maximal sensitivity of the
organ”®. Moreover, the rotation seems related to the
path of the sun and to the age of the tendril®”. Cir-
cumnutation is a very complex and highly variable plant
behavior ruled by different parameters but the mecha-
nisms behind the circumnutation are, to date, not per-
fectly known. Both a deeper study on the molecular
mechanism, and a better and wider description of the
circumnutation parameters are needed”®.

Contact coiling, or simply coiling, initiates in re-
sponse to a local mechanical stimulus of the tendrils
which start curling around a support, as shown in Fig. 2,
and tightening up®™. In some species the process is
reversible; indeed, if no suitable contact or support is
found, the tendril might uncoil. In addition, plants are
able to discriminate between stimuli; for instance, water
droplets during a rain fall do not induce any coiling!*".
The tendril seems to perceive the stimulus/touch in the
epidermal cells activating chemical signaling within the
whole plant organ'*'!. This response is very fast, leading
to the start of the movement within seconds. Many au-
thors have demonstrated that the tendril coiling is asso-
ciated to the presence of gelatinous fibers, the so-called
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G fibers'*?!. With the decrease in the water content these
fibers contract generates a contractile force and thus
leads to tendril coiling.

Once the tendril has grasped around a support,
the plant organ undergoes a secondary coiling, called
free-coiling, which brings the plant closer to the support.
This pulling movement creates an elastic spring-like
connection between the stem and the grasped support,
able to resist high wind and load. During the free-coiling
process, the cell structure dehydrates, including the G
fibers, and thus becomes more rigid, preventing an un-
coiling. In general, lignification seems to be highest in
the fibers closest to the touching surface!*. This
spring-spiral structure has very often been compared to a
telephone cord and might be described by an ideal

1.7 observed that the same

helical spring. Darwin et a
numbers of spirals are created in both directions
(clockwise and counterclockwise) in order to create a
zero-twist on the axis. The segment of spiral inversion,
which unifies the two helices, is called tendril perversion,
as shown in Fig. 2b. If no grasping occurs, the tendril
curves and creates a sort of spiral.

This work addresses a different climbing method
based on a grasping-by-coiling phase followed by a
pulling behavior inspired by tendril-bearer plants. First,
the tendril behaviors and key principles and solutions are
highlighted and described in section 2. A bio-inspired
robotic tendril is then conceptualized and a simplified
kinematic model is developed and simulated in section 3.
Finally, the results for a modular robotic prototype are
presented and discussed in section 4.

2 Tendril technical highlights: models and
algorithms

To our knowledge, a biomimetic approach has
never been applied for studying and replicating plant
tendril behaviors, in particular for the coiling and
free-coiling phases. Moreover, many important features
and differences between plants and the well-studied
behaviors of animals can be found. For instance, the
circumnutation phase is the result of a sweeping
movement to encounter and touch a possible element to
grasp. This object searching phase can substitute, from a
biomimetic point of view, complex and expensive sen-
sors. Biologically, it is a manifestation of the radial
growth of cells that results in a sweeping “seek”
it can be

movement. For biomimetic purposes,

simplified into a movement created by a proper active
joint at the tendrils base.

With regard to grasping behavior, tendrils (e.g.
Passiflora tendrils) can recognize supports and obstacles
on the overall surface by means of specialized surfaces
or cells. Indeed, tendrils are able to bend in different
directions. In addition, depending on the position of the
touching point, tendrils can create multiple coils around
the grasped element. In such a configuration, two big
advantages can be detected: (1) The coils can be seen as
a winch-capsant system, with a tension negligible at the
apex and increasing towards the initial touching point; (2)
the increased touching surface due to the multiple coils
will increase the related friction, reducing the force
needed to secure the hold.

If the contact reaction is analyzed, a reflex modular
distributed behavior can be appreciated (see Fig. 3).
Indeed, the second part of the tendril is its most sensitive
part. Therefore, once a stimulus is given/recognized, a
reflex behavior occurs, i.e. the tendril bends in the di-
rection of the stimulus. The zone that has sensed a
support induces thereby a fiber contraction and thus the
bending. After that, if the contact increases, i.e. other
near zones sense a contact, the bending signal seems to
be propagated in these zones collectively, creating the
overall tendril grasping and coiling. A distributed reflex
control seems to be the coiling driver, allowing the ac-
tivation of localized motion, only when necessary and in
an energy-efficient way.

Finally, the free-coiling phase, i.e. the pulling that
brings the stem towards the grasped support, is another
feature that surely can inspire biomimetic devices and
techniques. By lignifying and forming the origi-
nal/intrinsic helical shape, the tendril shortens the dis-
tance between the fixed end-points and moreover, the
helical-spring shape is both able to create a strong pulling
force and be perfectly tuned to resist external loads and

R==¥)

T T
Free-cooling Free-cooling and grasping

Fig. 3 Tendril reflex behavior: if the tendril hits an obstacle (1), it
bends the remaining part; if the rest of the tendril encounters the
obstacle the bend is propagated (2); otherwise it stops.
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disturbances. The phenomenon that allows it to obtain
this result, as previously stated, is called perversion””
and the tendril passes from a linear wire condition to a
spiral structure without allowing the torsion of the wire
extremities, ie. the fixed points in case of grasping.
Moreover, it also allows the tendril to create a sufficient
pulling force to move the stem towards the grasped ob-
ject.

The effectiveness of the chosen solution can be
better understood looking at the spring-related classical
mechanical theory, i.e. helical springs. An ideal spring
follows Hooke’s law, i.e. F'= K x, where F is the applied
force, x the displacement and K the elastic constant that
is related to the geometrical and physical properties of
the elastic element. For the helical spring, given the coil
diameter D, the number of coils 7., the wire diameter d,,
the applied force F and the shear modulus G, the elastic

constant can then be computed as'**!

3 Gd,4
8D3nc ’

(1

Looking at Eq. (1), to decrease the helix stiffness X, the
number of coils »n,. has to be decreased. From another
point of view, the stiffness K is inversely proportional to
the coil diameter D in a cubic way; hence, the lower the
diameter, the greater the stiffness. Moreover, by as-
suming a fixed wire length, D and », are not independent
since the number of coils is directly related to the coil
diameter. Then, by naming /, the tendril length of the
Free-Coiling (FC), it can be written as [y = n.nD. By
substituting /, in Eq. (1), a simplified relation can be
found

_ Gd/nA  Gnd!
8D’l, 8D’

)

thus, the greater the coil diameter the lower the stiffness.
Therefore, it is better to minimize the coil diameter in
order to minimize the coil number. This explains why
the free-coiling phase creates helices with a small di-
ameter to pull up the stem of the plant. All these features
strongly support the study and design of a plant-inspired
robotic tendril.

3 Robotic tendril concept

This section addresses the modeling of a climb-
ing-plant inspired robotic system with the above de-

scribed features, i.e. support recognition, bending in
different directions, grasping and eventually climbing
with the use of a FC pulling.

3.1 Kinematic model

The overall structure has been firstly considered
from a kinematic point of view to design a biorobotic
tendril. The model has been conceptualized and
simplified by defining two main parts (see Fig. 4), con-
sidering the different degree of sensitivity along the
filament length:

* FC part, mainly devoted to the free-coiling and
pulling phase,

* QGrasping-Coiling (GC), devoted to the coiling
and grasping phase.

Then, the GC part can be subdivided into inde-
pendent elements that react when stimulated, and bend.
The pulling FC part can be viewed as a single actuator
(eventually made of multiple sections) that changes its
shape from a linear wire to a helical spring.

To model the GC part, the work of Jones e al.**!

1% on the kinematics of multi-section

and Hannah ef a
continuous robots has been chosen as starting point:
each sub-section has been kinematically modeled and
described by means of elementary pairs/joints and ex-
ploiting the Denavit-Hartenberg (DH) notation. By do-
ing so, the reflex modular motion can be implemented
and simulated. Then, the kinematics of the tendril GC
part can be modeled using closed-form equations.It is
divided into sections that can bend in at least two di-

mensions.

3.2 GC part

The GC part is considered as subdivided into
n-sections. The main assumption is that the tendril sec-
tion has a constant curvature. A real tendril lacks joints
but each tendril section can be viewed as an arc of con-
stant curvature, i.e. by means of parameters such as

GC

ac B :
o/ o
FC NN

FCc s\

Fig. 4 GC and FC modules of the bio-mimetic tendril model.
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length, curvature and/or angle of curvature. The
equivalence and the relations between this kind of rep-
resentation and a conventional DH formulation are ob-
tained by designing an equivalent rigid-link-joint sec-
tion.

Thus, the relationship is [, d]T = f(l,x,p) (Fig. 5),
where 6 and d are the DH parameters, / is the length
section, k is the curvature and ¢ is the angle of curvature.
Hence, to fit a conventional rigid-link manipulator to the
tendril, a simplified structure has been firstly considered
from a kinematic point of view to design a biorobotic
tendril. The model has been conceptualized and
simplified by defining robotic system made of rigid links
and joints, Fig. 6, has been defined with three main joints:
a first universal joint, i.e. two revolute pairs with or-
thogonal and intersecting axis of rotation; a prismatic
joint, and a second universal joint. The last joint and the
related variables are coupled with those of the first joint
of'the following section. The first pair allows the rotation
of the local frame axis to be oriented to the section tip;
the prismatic joint allows the translation to the final
coordinate frame origin; and the last pair allows for the
correct rotation and orientation of the local frame in
accordance with the following section, i.e. the last two
joint variables are coupled with the first two. The inde-
pendent variables result in three per section. If the
number of sections is sufficiently high, the prismatic

Fig. 5 Tendril section geometry and parameters™*!.
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Fig. 6 Robotic section made of two universal joints and a pris-
matic joint associated to a tendril section (green). The red arrows
represent the Z-axis of the degrees of freedom of the jointst*.

Table 1 DH tendril section parameters

Link a a d
- 0 /2 0
1 0 /2 0 6
2 0 /2 0 6, +n/2
3 0 -7/2 ds 0
4 0 -n/2 0 65 +n/2
5 0 0 0 04
- 0 -n/2 0 0

joint can be constrained, since the error made consider-
ing the distance between the two universal joints as a
constant value becomes negligible. Finally, fixed rota-
tions are added on the x-axis at the beginning of the DH
table to have the section extension along the z-axis, and
at the end of the DH table to correctly orient the tip.
Table 1 shows the DH parameters related to a tendril
section.

The resulting homogeneous transformation matrix
for each section of the GC part is

—C,8,8,Cs + C,CyC,C5 — 8|85 C8,8,C5 + C,C,C,C5 — §,C; —C,8,C, + 8,¢, €,C,d,

—8,8,5,C5 + 8,C,C,C5 — C\S5 8,8,8,C5 + 8,C,C, 85 —C\Cs — 8,08, +8,C, S,C,d,

(€384 +5,¢,)85

0

; €)

—(c,8, +5,0,)S8; CyC, 8,8, S,d,

0 0 0
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where cos(6;) and sin(f;) are compressed as ¢; and s,
respectively.

If a planar 2-D motion is considered, the tendril
curve lies in a plane. If a constant curvature hypothesis is
maintained, each section can be associated to a planar
robotic system made of a prismatic joint between two
revolute joints with axes of rotation perpendicular to the
plane.

The geometrical transformation between the DH
parameters and the parameterization of the tendril as a
spatial curve, i.e. /, k, @, can be found by looking at the
geometry of a tendril section starting from the adopted
constant curvature hypothesis.

Indeed, in such a condition, each tendril section can
be considered or viewed in a 2-D plane 7. Its coordinates
are:

(x.9), = eosT=) sin(0)), @)
k k

In the rototranslation matrix 4, these coordinates
are the translational terms A(1,4) and 4(2,4) respectively.
The distance d; between the extreme points of the tendril
section can be found as:

d, = sin(5),

. )

Now, thanks to geometrical and trigonometric
identities, the system can be solved and the independent
variables computed as:

255
1 -1
6, =tan — | (6)
tan(—) cos(¢)
2
0, =sin”' (sin(g) sin((p)j, @)

Since the last two rotations restore the initial orientation,
the final relationship result is

-1
-1

tan il
tan(z) cos()

sin™’ (sin(%) sin(go))

2 . Kkl
=sin(— ,
(2)

[0.6,,d,,0,,6,]" = .

(®)
sin™’ (sin(%) sin((p))

1 -1

tan~ + T

tan(%) cos()

Thus, the rototranslation matrix expressed with
respect to the “curve” parameters is

_cosz (@)(cos(kl)—1)+1  sin(p)cos(p)(cos(kl)—1) — cos(¢)sin(kl) COS(ﬂﬁ(CO;(kl )-1) |
A= sin(¢) cos(@)(cos(kl) —1) cos’(¢)cos(p)(cos(kl) —1) —sin(¢p)sin(kl) sin((p(coz(kl) b)) ©
cos(¢)sin(kl) sin(g)sin(k) cos(kl) _Si“]((kl )
L 0 0 0 1 |

The model, being highly flexible, can both be used
to simulate the real tendril behavior by increasing the
number of sections, and serve as a basis for the evalua-
tion and control of a real modular robotic system made
of independent reflexive sections. In the latter case, the
robotic tendril is seen as a chain of independent em-
bedded modules.

3.3 FC part

The FC part has been modeled by a unique kine-
matic section: on one side it is constrained by the
stem/fixed base whereas on the other side it is con-
strained by the contact/grasping point. The joints of the
section are the same as those previously defined, both for
the 3D and 2D motions. Indeed, the first universal joint
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allows the tendril to be properly oriented, the prismatic
joint to consider the free-coiling main effect, and the
second universal joint to take into account the correct
final orientation for the connection of the two tendril
parts. During grasping, the two FC part extreme points
are constrained and no torsion is allowed, which means
that the related angular values are defined once the
grasping phase has ended. The unique joint that has to be
driven for simulating the FC effect is the prismatic pai,
which defines the distance between the base and the
origin of the first local coordinate frame of the GC part.
From the kinematic point of view, the end-effector of the
section becomes the stem, and the movement has to be
described with respect to the local reference frame of the
last pair of the FC section, which is now constrained and
fixed.

3.4 Robotic tendril simulator

Thanks to the described kinematic model, a Matlab
simulator (Fig. 7) was developed for both replicating the
real tendril reflex behavior and simulating a biorobotic
system.

The FC part, since it is made of a unique section, is
defined with a greater length with respect to the GC
sections, e.g. half of the overall length. The FC part is
constrained in position in its origin during the searching
and grasping phase. On the contrary, the GC part is
composed of » sections of equal length.

For the three main tendril behaviors the following
hypothesis or simplifications are adopted:

* The circumnutation phase is reproduced with a
centralized motion: only the first universal joint of the
chain is driven to allow the tendril to span a cone in a 3D
motion (or an angle in 2D) searching for a support to be
grasped;

» The grasping phase is implemented by means of
the reflex behavior previously described. For this, each
GC section is an independent module. The prismatic
joint is constrained in length since a large number of
sections are simulated;

* The free-coiling behavior is implemented as a
pulling motion driven by the prismatic joint of the FC
part. In such a case, the base of the section becomes the
connection point between the GC and FC parts, while
the end-effector becomes the coordinate frame of the
stem.

If a GC section touches an obstacle, it stops the

Initialization
start

Initial tendril
configuration

L

Kinematics
computation

Start next joint

Stop active join
Start next joint
T

Increase the
active joint

r

>

Save kinematicy
config.

Fig. 7 Flow chart of the Matlab simulator.

main circumnutation motion. Then, the involved section
reacts by bending in the direction of the stimulus. This is
made by “sending an actuating signal” to the first joint of
the following section, in order to bend the rest of the
tendril in the stimulated direction. If another section is
stimulated, i.e. touches the support, the bending propa-
gation continues and the grasping by coiling goes on. On
the contrary, if the minimum curvature angle is reached,
the tendril motion stops and the tendril motion should be
zeroed/restarted. The contact is
searching for each module if there is intersection be-

implemented by

tween the linear part of the section, which connects the
two universal/revolute joints, and the surface to be found
(for instance, a cylinder).

Two particular conditions are implemented: the
minimum and maximum radius. The former is related to
the intrinsic curvature of the tendril that represents the
minimum radius of the object that can be coiled. The
latter is related to the slippage limit, over which the
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tendril slips on the surface and curls. According to the
results of Goriely and Neukirch!®), the radius of the
circular cross section of the support has to be smaller or
equal to 3-3.5 times the tendril radius. The DH inde-
pendent variables are chosen to simulate a smooth and
slow motion, i.e. a small angular step. The shortening
length in the FC phase is computed by referring to the
idealized spring that has been created and by taking into
account the results obtained previously, Eq. (2). Giving
the spring diameter D, the number of coils 7., and the
wire diameter d,, the linear length of the final spring is

/
L=cnd, =¢ TE_ODdt’ (10)

where /y is the initial free wire length and ¢, is a
spring-packing coefficient that takes into account that
the spring coils are not overlapped.

3.4.1 Example

In order to show the simulated results, two cases
that mimic the tendril dimensions and behaviors are re-
ported here. Table 2 shows the implemented parameters.
Inin and Dy, variables represent the minimum length of
ly above which the touching would allow the coiling
activity and the maximum diameter of the cylinder to be
grasped over which slippage occurs, respectively.

The first case is related to a regular grasping on a
cylinder with diameter 2 mm. The tendril finds the ob-
stacle, curls and coils on it and, finally, pulls the base
towards the grasping point. Fig. 8a and Fig. 8b show the
circumnutation and the first hitting phase where the
tendril hits the cylindrical support at about half of its
length of 23 mm.

Then, Fig. 8c and Fig. 8d show the coiling phase.
The tendril finds a contact of the support to grasp up to
its end. It creates, in this case, four coils.

Finally, Fig. 8¢ and Fig. 8f show the FC phase
simulated from a kinematic point of view, i.e. in its
equivalent prismatic/linear motion, and the shortening of
the free tendril part and the motion of the tendril-stem
connection point.

The second case shows the simulation of a hitting
and stopping when the diameter of found support is
greater than the maximum allowable (Fig. 9).

The model can then serve for both replicating the
tendril motion to understand its behavior, and designing
a robotic system made of independent reflexive sections.

Table 2 Simulated tendril parameters

Tendril parameters Free-coiling parameters Obstacle parameters

Casel Cylinder
Length = 50 mm d,;= 1.5 mm Radius = 1 mm
n =100 sections D=5 mm Xposition = 10 mm
Limit angle = 60° Yposition = 10 mm
Imin = 30% of the

length
Dinax = 17.5mm

Case2 Cylinder
Length = 50 mm d;=1.5 mm
n = 100sections D=5 mm Radius = 1 mm

Limit angle = 60° Xposition = 10 mm
Inin = 30%

Dinax = 17.5mm

Z (mm)
20 : 19_____,_.,_.-

— | =

0 - 10

X (mm)

=10
X
@© ™ g

Fig. 8 Bio-mimetic tendril simulation case 1: (a) Circumnutation;
(b) touching; (c) and (d) coiling/grasping; (e) and (f) FC.
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Fig. 9 Bio-mimetic tendril simulation case 2: (a) 3D view of the
touching; (b) Trajectory followed by the tendril until the motion
stops.

4 Towards a robotic prototype

The conceptualized GC and FC sections can be
made either in a standard way by means of motorized
actuators or in a light and simple system by means of
wires and/or smart materials. In this context, smart ma-
terials such as Shape Memory Alloys (SMAS) can serve
as technological base for developing independent ac-
tuation systems. Miniaturized touching or force sensors
can serve for the contact recognition phase.

Thus, given the conceptualized system, an evalua-
tion of a suitable solution for prototyping has been made
to move towards the realization of a bioinspired robotic
tendril. A GC section and the FC part replication have
been focused to design and prototype proof of concept
devices.

4.1 Technology for tendril-like actuators: SMA
SMAs, piezoelectric materials and electroactive
polymers belong to the “intelligent materials”**). They
can be used for substituting the classical motors by the
design of smart, light and effective actuators. Indeed,
such materials respond to external stimuli such as an
electrical field, a magnetic field and light. The result is a
shape or size modification, i.e. contraction, elongation,
bending, efc. Concerning at our purpose, to reproduce
and mimic tendril behavior, these can be suitable mate-
rials, especially when it is taken into account that
significant applications have already been developed for
purposes!'l.
(EAP)*7), similarly to piezoelectric actuators, deform if

biomimetic Electroactive ~ Polymers
an electric field is applied. Unlike piezo-actuators, EAPs
work as biological muscles by producing strain and
deflections'*®.

SMAs are able to recover a predetermined shape

when heated and exhibit a large energy density and a low

driving voltage. In a cold condition below their transi-
tion temperature, they can be easily deformed to a ge-
neric stable shape due to the low yield strength. When
the transition temperature is overcome, they return to a
“memorized” shape due to the change in the crystal
structure. Large forces are generated if obstacles or re-
sistance are encountered. Two types of shape memory
effects can be performed: a one-way memory effect
where if no stress is applied, the material remains in the
memorized shape when cooled down; a two-way mem-
ory effect where if properly trained, the material
stretches back to the low temperature shape. The phase
transition and the mechanical power generation driven
by temperature and the Joule effect are the most com-
mon ones to cool the material even if conduction or
convection is also exploited. Many robotic applications
use SMAs in wire form, e.g. passive elastic forces or

49-53]

antagonistic SMA actuator pairs! , creating light-

weight, silent and inexpensive actuators’™".

In this work, among the possible solutions, the
commercially available SMAs are chosen as basic ma-
terial for a proof-of-concept realization because the slow
and silent motion is not a drawback for our purposes
given that the tendril motion also shows these behaviors.
Indeed, the desired shape can be memorized and SMA
materials can be manufactured both in wire and spring

form at relatively low costs.

4.2 Proof of concepts

The biological study and the technical and tech-
nological biomimetic evaluation previously described
will be exploited in this section to conceptualize a prac-
tical realization and replication of the main tendril be-
haviors and characteristics. Thus, the main features and
movements have been prioritized and SMAs proof of
concept prototypes realized in order to test the feasibility

of the ideas and the approach®..

4.2.1 Grasping by coiling

Focusing on the tendril coiling and grasping be-
havior, a simple and light structure able either to bend
and coil or to recover a straight or almost linear shape
was made through a unique element made of SMA NiTi
wires. Using the wires with the length of 100 mm, a
coiled or straight shape was memorized by heating them
at 600 °C and maintaining the temperature for a couple
of minutes. Thus, “coiled-if-heated” and “straight-
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ened-if-heated” circuits were created. In order to control
the SMA activation in a proper manner, i.e. by over-
passing the transition temperature, a proper current has
to flow through the circuit. This depends on the geo-
metrical dimensions, the mechanical and physical
properties of the material and on the velocity of actua-
tion that is desired (Table 3). Indeed, given the wire
diameter d; = 0.5 mm, the current i required to surpass
the transition temperature, i.e. 80 °C, from room tem-
perature in about Ar = 3 s is given by the following
equation

emAT = Ri*At, (11)

where AT is the required increase of temperature, c is the
heat capacity, R is the material resistance and m is the
wire mass. The computation gives a required current of
about 1.3 A-14 A.

The straightening circuit was realized with a NiTi
wire and a standard copper wire; the bending and coiling
or the straightening behavior can be properly emulated
by actuating the proper circuit. Fig. 10 shows the coiling
and uncoiling behaviors, which were replicated many
times (n > 10) showing good performance repeatability.

In a second attempt for a 2D section, NiTi springs
were exploited. Fig. 11 shows that the springs act as a
the final
configuration when cooled. The test section was made

linear actuator and almost maintain
in plastic by a 3D printer and with NiTi helical springs
of 29 mm in length when in the active state, and an
external diameter of 6 mm. The wire diameter is 750 pm
and the transition temperature is about 55 °C. The
module is 78 mm in length and height, 24 mm in width
and the pin element is at 30 mm with respect to the base.
The weight of the module is about 0.08 Kg. The two
helical springs are mounted in an elongated and relaxed
configuration, i.e. plates in parallel planes, that need a
spring with the length of 36 mm. By driving one of the
two NiTi wires the bending motion is reached thanks to
the central hinge allowing an angular displacement of
about 17 deg. The hit recognition was developed by
touching sensors that, if pushed, allows the contact
recognition and the bending signal propagation. Indeed,
a switch is put in each lateral side of the basal element.
The section is driven by an external power source and,
when a switch is touched, an electric circuit allows the
current to flow in the proper spring. A timer was adopted
both to maintain the power on in order to properly bend

Table 3 The physical and mechanical properties of NiTi

Property Symbol Value
Density p 6.45 g-cm °
Resistivity (high-temperature state) r 82 pohm-cm
Resistivity (low-temperature state) r 76 pohm-cm
Heat capacity c 322 J-(kg'K) "'
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Fig. 10 Proof of concept about coiling and uncoiling with SMA
NiTi materials: (a) and (b) coiling and wrapping; (c) and (d)
un-wrapping and stretching>.
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Fig. 11 Proof of concept about SMA bio-tendril NiTi 2D section:
Design and mechanical prototype without (a) and with (b) the
electric control circuit™.

the module and to switch off the system to prevent
energy waste, e.g. 2 A for 10 s. In this way, the reflex
behavior together with the proper bending motion was
realized with a proof of concept device.

422 FC

Focusing on the FC, we wanted to recreate the
pulling with no torsion effect allowed by the spring
contraction and the perversion, i.e. the interconnection
between two helical springs with opposite twist, avoid-
ing the use of contracting straight wires due to their poor
performance. A SMA NiTi spring-like structure would
allow for a good resistance to external forces, large
forces and contraction. Moreover, the helical spring
mechano-elastic capabilities contribute in the pulling
phase. Therefore, the helical spring considerations made
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in the previous sections are still valid. By memorizing a
shape made of two helical springs with opposite rotation
direction connected by a perversion in a NiTi element,
the tendril pulling behavior can be replicated. If the
end-points are constrained and current is allowed to flow
in the material and provided that the memorized shape
mimics the tendril, the memorized shape is recovered
together with a pulling phase without torsion, as shown
in Fig. 12. In an optimized future realization, the con-
siderations on the coil diameter and helix stiffness will
be exploited for tuning and realizing a proper behaviour
of spring. Here, the NiTi wire is 200 mm in length and
1 mm in diameter, the transition temperature is about
80 °C — 90 °C and the applied current is set to 2.5 A to
reach the transition phase in few seconds. With such a
device, the relative displacement between the straight
and contracted configurations is about 100 mm.

(@ (®)

Fig. 12 Proof of concept about SMA bio-tendril FC pulling
phase®: (a) Starting; (b) final configuration.

5 Conclusion

The work reported here is a part of an ongoing
study focused on the design and development of a new
robotic tendril-based grasping system. A biomimetic
approach has been firstly adopted to investigate and
understand the capabilities and the main behaviors of
tendril-based grasping plants. Then, after having
identified and highlighted possible technical solutions,
the tendril has been modeled from a kinematic point
of view in a section-like system by dividing it into
two main parts. Based on this, a Matlab simulator has
been designed and the circumnutation, coiling by
grasping, touch recognition, reflex reaction, and pulling
by FC behaviors implemented and simulated. After that,
to move towards a practical realization and to replicate
the simulated results, SMA materials have been ex-
ploited due to their capabilities to recover a
pre-memorized shape if heated with the production of

large forces. The bending and the free-coiling motion

together with the reflex behavior have been replicated
with the design of proof of concept prototypes showing a
good repeatability and feasibility. Current work covers
the evaluation of the grasping and pulling forces
achievable with the SMA materials and with the devel-
oped modules. Future work will cover the bio-inspired
tendril practical realization and its control design based
on the numerical results and directives obtained from the
developed simulator.
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