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1 PHASE: LITERATURE REVIEW AND PLANT MONITORING

1 Phase: Literature review and plant monitoring

Abstract. The task of finding innovative concepts and solutions for understanding
and mimicking the grasping and pulling behaviour and the flexibility of tendrils is
tackled in this work. After a brief explanation of the physiological and biological be-
haviour of the climbing plants that develop tendrils, the three different thigmotropic
phases are evaluated and discussed. Then, by means of an experimental set-up, two
different climbing plants that develop tendrils are evaluated in order to better under-
stand the grasping behaviour, the surface recognition, the signal transmission and
the pulling up of the stem. Finally, results and directives for the work are outlined.

Keywords: Tendrils, grasping, coiling, climbing

1.1 Introduction

This work aims at studying the particular rules and strategies behind the climbing
plants that exploit tendrils from a bio-mimetic point of view. Such analysis will
tackle these aspects in order to “read” the natural grasping behaviour also from an
engineering point of view. Indeed, both a mechanical/robotic design phase and a
motion planning and controller synthesis definition require a deep comprehension
and evaluation of the plants principles. In this attempt the first phase of the project
has been addressed.

1.2 Climbing plants and tendrils

Climbing plants have been usually classified according to the attachment mecha-
nisms in five classes [15, 28]:

1. Twining plants (e.g., Dioscorea spp., Dioscoreaceae; Ipomoea spp., Convolvu-
laceae)

2. Leaf-climbers (e.g., Clematis spp ., Ranunculaceae; Bauhinia spp., Caesalpini-
aceae)

3. Tendril-bearers (e.g., Vitis spp ., Vitaceae; Passiflora spp., Passifloraceae)

4. Root-climbers (referred here as “clinging-climbers” ) (e.g., Parthenocissus
spp., Vitaceae; Hedera spp., Araliaceae)

5. Hook-climbers (e.g., Uncaria spp., Rubiaceae; Calamus spp., Arecaceae)

This work focuses on tendril-bearer plants.

Tendrils are long, slender, filiform, irritable organs, derived from stems, leaves,
or flower peduncles [15] which may occur either as un-branched or multi-branched
organs with a variable length ranging from 3.8 ¢cm in Bignonia unguis (Bignoniaceae)
to 20 cm in Passiflora spp, and 40 cm in Vitis vinifera (Vitaceae) [34].

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P.3
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The perception of thigmic stimuli is a widespread phenomenon among plants with
decisive meaning for the ability to survive. Besides a general sensitivity for me-
chanical stimuli, many plants have evolved specialized organs with highly developed
mechanisms to perceive and transduce the applied forces [19]. Mimosa pudica Linn.
for example, responds to touch folding up its leaflets, and propagates the stimu-
lus from one leaflet to the adjacent one and, if the stimulus is strong enough, it
propagates even to adjacent leaves [61]. As far as touch induced movements might
concern, tendrils are able to coil around a support and grasp it, enabling the plant
to achieve vertical height without a proper supporting trunk.

Tendrils have shown to have three main movements [34]:

e circumnutation, an endogenous movement increasing the probability of con-
tact with supports,

e contact coiling, in which the stimulated tendril coils around a support, and

e free-coiling, in which the tendril develops helical coils along its axis, not nec-
essarily as a result of stimulation.

1.2.1 Circumnutation

Circumnutation is an oscillating growth pattern in rapidly elongating plant organs,
such as roots, shoots, branches and flower stalks. It was well known to 19th-century
plant scientists as nutation until the Darwins (father and son, [17]) introduced
the term “circumnutation”, used to this day. Circumnutational oscillations are
manifestations of the radially asymmetric growth rate, typical of elongating plant
organs [55], but Darwin’s close observation of the behavior of climbing plants, led
him to speculate that they were “searching” for some upright support. Then, he
widened his investigation to a large variety of species in which, however, he found
no exception to his generalization that circumnutations must be a universal kind
of plant movement [17]. Indeed, today we know that the widespread occurrence of
circumnutations is even greater than Darwin had ever suspected. It occurs in dicots
and monocots [7] gymnosperms, fungi, bryophytes (Ceratodon purpureus, [44] and

algae (Spirogyra, [12]).

Although circumnutatory movements appear to have no useful purpose in the ma-
jority of the cases, in climbing plants, they have a crucial function in seeking me-
chanical supports.

In fact, the circumnutational movement sweeps the tendril about in circular,
pendulum-like, zigzag-shaped or elliptical paths increasing the possibility to con-
tact with a support. Maximum tendril circumnutation usually coincides with the
period of maximal irritability of the organ [59]. The axis of the rotation usually
follows the path of the sun as observed by Darwin [16]. The rotational behavior
seems though related to the age of the tendril. Whereas younger tendrils show a
concentric circumnutation, i.e. moving continuously in the same direction at each
point of inflection, older more mature tendrils seem to follow an eccentric path, i.e.
moving in reverse direction at each alternate point of inflection [69].

The shape and amplitude of this rotating movement is highly plant-specific and
might be induced by different stimuli [66] (Fig.1). For instance, shoots of Phaseolus
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spp. follow predominantly a circular and elliptical path with a radius of approxi-
mately 10 cm which can be reduced if the plant is treated with a growth inhibitor
or increased if treated with plant hormones as gibberellins [54]. Tendrils of Passi-
flora spp. on the other hand, circumnutate in a rosette-like path. Circumnutation
movements range from minutes to several hours and might even vary within the
same plant. Plant species and type of plant organs, environmental conditions as
light, temperature or gravity as well as chemical, physical and biological stimuli
can be considered as the main factors influencing the period of circumnutation.
With a ultradian rhythm two types of oscillations might be observed: 1) short
period nutations (SNP, 10-60 minutes long) and 2) long period nutations (LNP -
1-8 hours) with a clockwise (cw) and counterclockwise (ccw) direction, respectively.
The direction might change very rapidly as a consequence of gravity or mechanical
stress/stimulus as rubbing or touching the plant organ [38]. SPN decreases with in-
creasing temperature while increases with plant age. To date, little is known about
the influence of environmental factors as light affecting the circumnutation period.
It has been observed that red light slows down the circumnutational movement of
Arabidopsis thaliana. The same plant species showed less frequent and less regular
circumnutations with a lower amplitude when irradiated with green light than with
white light.

As outlined, circumnutation is a quite complex and very variable plant behaviour
depending on different parameters. Up to now, three mechanisms have been pro-
posed trying to describe the generation of circumnutation: the first ascribes the
circumnutation to endogenous properties, the second describes circumnutation as a
result of gravity, i.e. exogenous and the third and most likely mechanism assigns
circumnutation to both exogenous and endogenous factors.

The mechanisms behind the circumnutation are, at today, not perfectly known and,

as underlined in [66], both a deeper study on the molecular mechanism and a better
and wider description of the circumnutation parameters should be done.
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Figure 1: Example of circumnutations of Helianthus annuus stem tip during one
day in the diurnal (lower part) and nocturnal periods (upper part). Picture taken
from [66]
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Figure 2: Branched tendrils coil (Lagenaria siceraria) around slender wire. Picture
from: http://masteringhorticulture.blogspot.it/2010/07/tendril.html

1.2.2 Coiling

Contact coiling or simply coiling initiates as a response to a local mechanical stim-
ulus of the tendrils which start curling around a support, see Fig.2, and tightening
up [19], [71]. Since tendrils are often modified leaves or stems the contact coiling
allows the plant to gain height or to turn the leaves maximizing sun exposure for
the photosynthetic activity. In fact, some authors suggested that photosynthesis is
a prerequisite for the winding movement as coiling could not be induced in the dark
[19], [8]. If no suitable contact or support is found the tendril might even uncoil
indicating that the process is reversible. The extent of the mechanical stimulus
ranges from 1 to several mg as observed more than hundred years ago by Darwin
[16] or even less than 1 mg (0.25 mg) as observed more recently by Simons [64].
Plants are also able to discriminate between stimuli; for instance, water droplets
during a rain fall did not induce any coiling [33]. The tendril seems to perceive
the stimulus/touch in the epidermal cells activating chemical signaling within the
whole plant organ [50]. This response is very fast leading to a coiling within sec-
onds. For instance, in Passiflora gracilis coiling occurred within 20-30 seconds [64].
Plant hormones as auxins or jasmonates have also been proposed to play a key role
in the cell signaling and signal transduction of tendril coiling [70].

Many authors have demonstrated that the tendril coiling is associated to the produc-
tion of gelatinous fibers, the so-called G fibers rich in polysaccharides. In tendrils
these fibers form a cylinder-like structure of 5-6 cell layers between the vascular
tissue and the epidermis [3]. The polysaccharidic matrix has a high hydration po-
tential and favours the elasticity of the tendril movement. Though, with decreasing
water content these fibers contract generating a contractile force and thus leading
to tendril coiling.
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Figure 3: Free-Coiling, a curling tendril; source:
http://en.wikipedia.org/wiki/Tendril

1.2.3 Free-coiling

Once the tendril has grasped around an object or support the plant organ undergoes
a secondary coiling called free-coiling which brings the plant closer to the support.
This movement creates an elastic spring-like connection able to resist to high winds
and loads. Again, G fibers rich in acidic polysaccharides play a fundamental role
during the rotational movement of the tendril. During the free-coiling the cell
structure changes, G fibers dehydrate, lignify and get thus more rigid preventing
an uncoiling. Usually, lignification is highest in the fibers closest to the touching
surface [3]. This spiral structure has very often been compared to a telephone cord
and might be described by an ideal helical spring. Free-coiling could happen, for
example, in the beginning of senescence. Darwin [16] observed that there are the
same numbers of spirals in both directions in order to compensate the twisting of the
axis. The segment of spiral inversion which unifies the two helices is called tendril
perversion often described starting from the Kirchhoff equation for thin elastic rods
[22, 53]. If there is no grasp, the tendril curves and creates a sort of spiral as in
Fig.3.

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P.7



ESA-ACT - UNIBZ
1.3 Materials and Methods

1.3 Materials and Methods
1.3.1 Plant Growth

Both pea (Pisum sativum L.) and passiflora (Passiflora spp) plants have been cho-
sen to study the tendril development and growth. Pea seeds were germinated on
moistened filter paper for 3-4 days in the dark at 20°C until each plant had one main
root axis approximately 1.5 cm in length. The seedlings were placed in polypropy-
lene pots containing organic soil and grown in a climatic chamber with a day /night
temperature of approximately 26/19°C and a 10 hour photoperiod. Plants were ir-
rigated every other day with a diluted Hoagland nutrient solution. Passiflora plants
have been purchased and grown at the same conditions as the pea plants.

Round supports having a different diameter (4, 8, 14 mm) have been chosen to
evaluate the coiling behavior. In addition, different shapes of the support have also
been tested (Fig.4).

Figure 4: Shapes of the non-cylindrical supports used

For the round supports, at least six tendrils have been observed during the whole
life-span (circumnutation, grasping and free-coiling). For the others, at least three
tendrils each have been evaluated.

Regarding the response to mechanical stimulus, tendrils (n=3) have been hit in

different points, Fig.5.
0 |} I}

1 | J
T T

First half Second half®

Figure 5: Influence on mechanical stimulus evaluation; arrows indicate where the
tendrils are hit

1.3.2 Data acquisition

Tendril development has been recorded with HD web-cams (Trust eLight Full HD
Web-cam, photo 8MPixel, 1920x1080 full HD video, Fig.6), acquiring images at
fixed frame rates, e.g. every 30 or 60 seconds.

Acquired images have been consequently evaluated and post-processed by means of
the Yawcam web-cam software [78], an open source software written in Java that
allows to capture image snapshots from multiple web-cams, make time lapse movies
and motion detection tasks.

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P.8
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(b)

Figure 6: HD web-cam (right), Yawcam software (left)

1.4 Results and Discussion
1.4.1 Pisum Sativum L.

Tendrils of legumes as P. sativum L. have been chosen to study the effects of me-
chanical stimulation on plant physiology, as extensively studied by Jaffe and Galston
[29, 30, 31, 32, 34], Jaffe [35, 36] and Riehl and Jaffe [57]. Their tendrils respond
to such a stimulus with a rapid coiling response to the dorsal side of the organ
within minutes. In addition, plant species as legumes are useful because of their
physiological features:

e long-distance signalling;
e fast plant growth;

e availability of mutants, particularly important for plant physiology studies [4].

Tendril coiling is a very useful plant trait used to screen specific stress markers (UV
radiation and/or drought) by simple visualization. This characteristic can there-
fore be used for large scale screening experiments aimed at identifying components
involved in stress signaling pathways.

1.4.2 Passiflora

Among the tendril plants, the Passifloraceae (Passiflora spp) as fast growing plant
has been chosen together with the Pea plants. The passiflora is well known for its
climbing behavior through axillary tendril development. Tendrils are present in the
axial of a leaf closely associated with flowers.

Different experimental evaluations have been carried out in order to better under-
stand the plant behavior and movement during the main phases of the tendril life.

The first phase, related to the thigmotropic behavior, is the circumnutation. Thanks
to the experimental set-up previously described, the motion and active searching
phase of the plants have been investigated in order to evaluate if circumnutation

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P.9
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takes place also during the night and if there is a preferred direction of nutation,
i.e. clockwise (cw) or counterclockwise (ccw).

In order to answer the first question, tendril behaviours have been observed first of
all recording the movement by switching the light off and on and, then, by observing
the motion during the night (dark) period by means of the web-cam equipped with
a led. Images and related videos show that circumnutation occurs also during the
night and, moreover, that there is an intense/rich nocturnal activity (Fig.7). This
results differ from the theories outlined by some authors [37, 19] which state that
tendril circumnutation is related to photosynthetic activity.

(b)

Figure 7: Night motion: tendril condition at the switching off (sx) and at the
switching on (dx)

In addition, experimental evidence showed that circumnutation in passiflora plants
takes place indifferently both in cw and ccw directions (see video Acircumnutation)
and in a preferred circular and elliptic shape.

Since the circumnutation motion occurs in the first phase of the tendril life, i.e.
when the tendril grows and is touch sensitive, it can be useful to evaluate, also in
a biomimetic perspective, if a contact/touch with a support or a surface stops the
circumnutation phase. Experimental evidence on the passiflora plants shows that a
mechanical stimuli cause a bending in the touching direction but are however not
able to inhibit the circumnutation (see video Acircumnutation).

The second phase related to the thigmotropic behaviour is the contact coiling or
simply coiling. When a support/surface is touched, the tendril bends in this di-
rection trying to grasp it by coiling around the object. Hence, different questions
arise:

e Does the tendril bend after a stroke? Does it recover the original shape or
does it remain bent?

e Which is the irritable/sensitive area?
e How many coils are made?

e How is the signal transmitted? How can the tendril recognize edges and grasp
flat surfaces?

e Does the tendril recognize either convex or concave surfaces?

e Does the tendril grow after the contact?

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 10
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e Are there preferred shapes and dimensions of the support to be grasped?

Experimental evidence shows that:

e Carrington and Esnard [14] and Braam [6] previously evaluated and discussed
the kinetics of the tendril after a stroke for watermelons and passiflora. Our ex-
perimental observations show that tendril recognizes the contact /stroke within
seconds; however the bending towards the contact surface is quite variable in
time (see video Breflex). It ranges from minutes to hours. For the passiflora,
it seems that the recovery phase can be very slow or does not even occur.

e First evaluations show that tendrils are very sensitive from the central part to
the apex (see video Brefler). Regarding the base, no experimental evidence
of coiling after a stroke occurred. Tendrils have been hit at different points
(1/4, 1/2, 3/4 of the tendril length) but no reaction could be observed in the
lower part.

e The number of coils depends on the free part of the tendril, i.e. the part from
the apex to the touching point, and on the shape of the support to be grasped.
Indeed, if the support radius is too large, tendrils are not able to coil on the
support and curl on themselves (Fig.8).

e Signal transmission is one of the most fascinating things to evaluate and dis-
cover in plants. In this case, when a tendril touches a support, the signal is
most likely transmitted to the neighboring cells in order to induce bending in
the touching direction but needs further physiological studies.

e By means of these observations, it is still unclear if the tendril is able to
recognize the kind of shape. Indeed it seems that there is only a reflex behavior
after the touch and not a “surface evaluation” phase.

e The tendril either grows or not after the contact, this is strongly dependent
on the physiological status of the tendril.

e Tendrils grasp on different supports with different shapes and dimensions
(Fig.9). Time-lapses and photos show that the tendril grasps on cylindrical
and parallelepiped supports. This happens both for Passiflora and Pea plants.
The coiling behavior depends on the dimension and geometry of the support
that has to be coiled. Indeed, for small radii coiling occurs while, over a
certain radius, only bending occurs.

Pea plants never grasp around cylinders with large radius (0.5 cm). However, they
grasp l-shape supports (Fig.10).
The third phase related to the thigmotropic behaviour is the free-coiling.

During this phase the tendril changes its physiology and lignifies returning into its
intrinsic spring-like shape. By considering this activity, the main questions that
arise are:

1. Does the tendril always have a free-coiling phase or only if it has found a
contact /support? When does the free-coiling phase start?

2. How many perversions are created and why?

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 11
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(c) (d)

Figure 8: Coiling: a) Pea; b,c,d) Passiflora

(b)

(c) (d)

Figure 9: Grasping on different shape supports - a) cylindrical, b)wire; ¢) cross; d)
C-shape

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 12
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Figure 10: Grasping of P. Sativum L. on a special shape support

3. If two different tendrils are grasped on different supports in different and
opposite directions and the free-coiling phase starts, what happens? Is the
final configuration in an energetic equilibrium or something else?

Experimental evidence, i.e. observations, photos and videos, shows that:

1. the free-coiling phase always occurs at the end of the active life of the tendril,
i.e. after circumnutation and coiling. If grasping occurs, the stem will be
brought towards the grasped support with a free-coiling phase. If no grasping
occurs, there is a free-coiling of the tendril without perversion since one end
of the tendril can twist.

2. The number of perversions is not constant. In our opinion it depends on
different parameters such as the position of the extremes, the load (stem) to
be moved and raised and the force that the free-coiling phase can create.

3. The free-coiling phase occurs for both the tendrils; depending on the grasping
points, the tendril lengths and supports, an (energetic) equilibrium is found.
This means that tendrils are not able to choose a preferred direction/strategy.

1.5 Conclusions

In this phase, climbing plants that create and use tendrils to find and grasp supports,
and pull up its stem have been evaluated and investigated for biomimetic purposes.
First of all, literature has been carefully evaluated; then, an experimental set-up
has been defined and created to evaluate the different life phases of the tendrils
and the grasping behavior. Finally, experimental tests have been performed to
confirm some behaviors and show interesting and not yet well known activities. In
particular the experimental results obtained with pea and passiflora plants have led
to the following conclusions:

e the tendril activity occurs both in diurnal and nocturnal hours, i.e. with and
without light, and is thus not related to photosynthetic activity;

e the touching-grasping phase seems to be driven only by a reflex behavior,
i.e. without any possibility to select and/or refuse the touched support if not
suitable for the plant climb;
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e there is a dimensional limit on the supports that a tendril can grasp;
e the free-coiling phase occurs always and at the end of the tendril life;

e the free-coiling phase can be viewed as a passive grasping behavior that helps
to straighten the grasp and pull up the plant.

In the next phase, a deeper investigation, in particular for points b), ¢) and e) is
going to be carried out.
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2 Phase: Grasping behavior and elasto-
mechanical models

Abstract. Following the results of the investigation of the growing and grasping
mechanisms of tendril-based climbing, this phase focuses its attention on the deeper
investigation on some specific behaviors and the translation of these results into
engineering models, rules and ideas.

Keywords: Tendrils, grasping, kinetics, springs

2.1 Modeling and validating the tendril behavior
2.1.1 Coiling: critical radius

Goriely and Neukirch [21, 56] and Isnard et al. [27] evaluated and discussed the
mechanisms of climbing and attachment in twining plants. Goriely and Neukirch
[21, 56] modeled the filament as an uniform elastic rod with a circular cross section,
inextensible, unshearable and with constant intrinsic curvature and twist. Then,
they evaluated the possible contact with a cylindrical support. By exploiting the
Frenet frame notation and the Kirchoff’s theory on elastic rods, they developed
and simulated a model to find the limit radius of the support to which the elastic
filament can coil up.

In twining plants, the stem coils around vertical supports while growing and this
has many similarities with the grasping phase of the tendril. Therefore, the same
model and results can be exploited to evaluate if the tendril is able or not to grasp
a support by coiling up on it.

In the cited work, two different behaviors can occur. If the available length for
coiling is sufficient, depending on the ratio between the intrinsic curvature of the
filament and of the circular cross section of the support, the filament is able either
to coil the cylindrical support or not. In this second case, only a short part of the
tendril is in continuous contact with the support and the remaining part creates a
sort of hook, showing an anchor-like behavior. The critical limit value is between 3
and 3.5. This means that the model forecasts a coiling behavior if the radius of the
support R < 3+3.5%r, i.e. the intrinsic radius or the tendril coil.

To verify if this behavior could be observed also on tendrils, the following experi-
mental set-up has been used:

e Cylindrical supports with different radii have been placed close to passiflora
plants, and the grasping behavior of their tendrils have been recorded with a
time-lapse camera.

Thus, let r = 1+1.25 [mm] be the radius of a passiflora tendril and R = the radius
of the support, by defining po= R/r, the critical ratio p. becomes 3+3.5.

Thus, if p. = 3.3 and r = 1.25 [mm)] are chosen, the Ry, = po*r = 3.3 * 1.23 [mm)]
= 4.125 [mm].
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Again, if r = 1.5 [mm], Rjm = po * r = 3.3 * 1.5 [mm] = 4.955 [mm)].

In order to validate such a condition, the first support has been chosen with a 4 [mm]
diameter, r = 2 [mm], hence inner the cited critical value. As can be appreciated
in Fig. 11, the tendril easily coils on this kind of support.

The second evaluated support has a diameter of 10 [mm], hence a radius r = 5 [mm],
just greater or at least equal to the computed critical value. Again the experimental
observations and findings confirm the limit: Fig.12 shows that the tendril is not able
to coil on this kind of support but creates a sort of hook.

Fig.11 and Fig.12 highlight a particular and not yet described behavior. Indeed,
the last free part of the tendril, not able to coil the support, creates a particular and
strong hook. This is due since the plants under study have a different behavior with
respect to the twining plants. In particular, tendrils show a free-coiling behavior at
the end of their life. This means that, in the evaluated case, the free part of the
tendril that is in charge of creating a hook, twists and curls due to the free-coiling
phase creating a better hook/anchor (i.e. creates a greater contact surface, Fig.13).

Figure 11: Tendril coiling on a support with radius » = 2 [mm]

2.1.2 Coiling: touching point

By observing the tendril behavior during its life, it can be noticed how it shows a
greater sensibility in the distal part. This is a reasonable and optimized behavior
since the further the touching point, the greater the shortening of the tendril due
to the free-coiling phase. Fig.s 14,15 show two tendrils in contact with a proper
support: the first, in the upper part of the figure (Fig.14), touches the support at
about its half; the second, in the lower part of the figure (Fig.15), touches only with
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Figure 12: Tendril grasping on a support with radius r = 5 [mm)]

k
(a) (b)

Figure 13: Tendril grasping and hook/anchor creation due to the free-coiling phase
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its final part. In both cases, the tendrils first bend in the direction of the contact
and then grasp the support and coil. The number of coils is directly related to the

free tendril length after the touching point.
{’/

1.
U L e SR il
(b)

Figure 14: Tendril coiling

Figure 15: Tendril coiling

2.1.3 Coiling: non cylindrical supports

Several supports of different non cylindrical shapes have been evaluated to under-
stand the behavior of the tendril. Indeed, the coiling behavior is perfectly suitable
to rounded, elliptical, curved convex shapes. However, in nature surfaces have
different shapes, not only convex or curved.

To evaluate the tendril grasping behavior in case of particular shapes, e.g. concave,
cross, different supports have been created. In particular, the following supports
have been evaluated:

e CROSS-LIKE SUPPORTS

Fig.16 shows a tendril in contact with a cross-shaped support (diagonal of 20 [mm]):
it touches the support with its apex; the tendril is not able to make a coil but it
creates a hook that strengthens by the free-coiling phase.

In Fig.17, the tendril has been placed on the cross support at about its half and
wrapped around it; Two coils are created. Thanks to the free-coiling phase, the
tendril is able to adapt to the shape of the support, thus strengthening the grasp.
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(b)

Figure 16: Tendril grasping on cross-shaped supports: natural grasping

(a) (b)

Figure 17: Tendril grasping on cross-shaped supports: induced grasping

e SQUARE-SHAPED SUPPORTS

(b)

Figure 18: Tendril grasping on a 20 x 20 [mm] square-shaped support

Fig. 18 and19 show a tendril that has been put in contact with square supports
of two different sizes: 20 x 20 [mm] and 10 x 10 [mm)]. In the first case, (Fig.18),
the tendril is not able to grasp and coil. On the contrary, with the support of 10
x 10 [mm], (Fig.19), the tendril grasps without doing a coil since the free length is
not sufficient. However, in this situation, a hook is created and then, thanks to the
free-coiling phase, the “strengthening-spring” is created.

Similar considerations can be made considering the following shapes (Fig.20, 21):

e TRIANGULAR-SHAPED SUPPORTS
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(a) (b)

Figure 19: Tendril grasping on a 10 x 10 [mm] square-shaped support

(a)

Figure 20: Tendril grasping on a triangular-shaped support

o C-SHAPED SUPPORTS

Figure 21: Tendril grasping on a C-shaped support

When supports of other shapes like a triangle (15 [mm)] side) or a “c” (diameter

15 [mm]) are evaluated, the tendril is not able to create coils. The grasping phase
results in a hook.
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2.2 Spring Behavior

This section discusses the spring/elastic characteristics of the tendril.

Looking at the spring-related classical mechanical theory, some important consid-
erations can be done by considering both ideal and helical springs. The first one
follows the Hooke’s Law:

F=Kxz

where F' is the applied force, z the displacement and K the elastic constant that is
related to the geometrical and physical properties of the elastic element.

In order to clarify the helical spring behavior, the coil radius R=D/2, the number
of coils N, the wire diameter d, the applied force F' and the shear modulus G have
to be defined (see Fig. 21, [10]).

Figure 22: Helical spring

The elastic constant can then be computed as:

 Gxd
T 8xD3x N

As can be easily appreciated, increasing the number of coils N allows to decrease
the helix stiffness K; thus, generally speaking, less coils allow a greater resistance.

Moreover, if two springs are put in series, the equivalent stiffness K results:
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1

K:L+L
kl k‘2

in case of two springs with the same stiffness k1, the resulting K is & /2.

Generally speaking this means that, assuming the perversion effect negligible, the
tendril with perversion has to show a stiffness about half of the stiffness of a single
helix (note: values have to be normalized with respect to the relaxed length or wire
length). Recently, Gerbode et al. [20], investigated the elasticity of the tendrils
by evaluating both bending and twisting stiffness and the age of the tendril, and
found a direct relation between these two values and the tendril coiling, perversion
creation and over-winding behavior.

Looking at the experimental graph in Fig. 23, some considerations can be made, at
least when the elastic Hooke term dominates. By supposing the perversion stiffness
(much more) greater than the helical one, i.e. rigid, it is possible to say that, if
two tendrils of the same relaxed length, one without and one with perversion, are
considered, the total arc length S is in the first case about 7*D*N; in the second
case the number of coils is less than N since perversion occurs. As a consequence, if
the relative displacement is scaled with respect to the total arc length, it is possible
to manipulate the helical spring formula as follows:

G * d* Gxd*sm 1 L1

= = * = K" % —

8x D3+« N 8 x D2 TmxDx N S
K+

This means that, for instance, if the same axial relaxed length Lg is considered, the
tendril with perversion will have a S smaller than the one computed for the non-
perverted one being different the N number of coils. Thus, at equal displacements
L — Ly correspond a greater AL* for the tendril with perversion. From another
point of view, it means that in order to have the same force F, the tendril-perverted
AL has to be greater with respect to the helical one. This can also be used to
evaluate the difference between dotted and continuous curves in Fig. 23, [20].

From another point of view, the stiffness K is inversely proportional to the coil
diameter D in a cubic way, showing that the lower the diameter, the greater the
stiffness.

Thus, it is better to minimize the coil diameter and this explains why the free-coiling
phase creates helices of small diameters to pull up the stem of the plant.

As an example, we evaluated two different diameters and their effect on the elastic
constant.

If, for instance, a tendril with of total length of L = 63 [mm)] is considered and Dy

= 2 [mm] and Dy = 3 [mm)] are chosen as the coil diameters, the number of spires
and the K are:

N; = L/(7 % D1) = 10coils = K = cost/(D3 x N1) = cost x 1/80 = cost * 0.0125
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12

Figure 23: Difference between old and young tendrils (blue and red), without and
with perversion (continuous and dotted), picture taken and modified from [20]

Ny = L/(m % Dy) = 6.7coils = K = cost/(D3 x Ny) = cost * 1/181 = cost * 0.0055

Other important considerations can be made considering the particular dynamic
conditions under which the tendrils have to work, i.e. no torsion, the models and
results found in literature.

McMillen and Goriely [53] studied the perversion by modeling the tendrils starting
from thin elastic rods described by the static Kirchhoff equations. This approach
has been also followed by several authors [22, 77, 52, 3].

Regarding the spring characteristics, they approached the problem by evaluating
how and how much a spring made by a perversion differs from the Hooke’s law.

Following former results [53], for a spring made of perversion the following:
T K3 d
2r (1-— dQ%)Z

where T is the (scaled) tension, K the intrinsic (scaled) curvature in the axial
direction, I' is the ratio of torsional stiffness to the bending stiffness in the axial
direction and d the displacement between two similar points in the helix.

In un-scaled terms, it holds:

T imEa-DE

with
h = K?TEIl, = 47°TEIL
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where I is a term that depends on K, I' and k, the constant curvature. If d is
small, the deviation with respect to the Hooke’s law is very small. If a spring made
of helices is considered, it can be found that:

[~}

Kt T
T=BL(a— @z~ g

where 7 is the torsion. Since d varies from dg to 1, T varies from 0 to co.

In the rest state, d=dy and, by calling d* = d - dy , it holds:

T = hd* + O(d*?)

with h as follows:

2
o T
h = EL4r*(1 + FEIl4p22K—O2

Again, if the relative displacement is small, the tension follows the Hooke’s law
and the “constant” is greater than the previous found for the perversion. Hence, a
spring made of helices is stiffer than a perversion spring.

Looking at a real case, tendrils with perversion show the perverted area/part with a
non-zero axial length; indeed, the perverted axial length is at least half of the total
possible length. This means that in a relaxed state and for relative small displace-
ments, if two equal helices of stiffness K are connected by means of a perversion, the
perverted part (possibly) has a greater starting stiffness with respect to the other
parts. Hence, the spring series equivalent stiffness results about K /2.

By implementing the formulas, clamped helices or perversion springs can be sim-
ulated. Fig. 24 shows different behaviors with dg set to 3.7 [mm)] for the helices.
Parameters have been chosen to mimic the experimental behavior. Again, the differ-
ence between a single helix and a series of two helices is similar to the experimental
results.

Fig. 24 does not considered the perversion elastic effect. The generated tension
increases fast (in a hyperbolic way) at relative large displacements. This behavior
can allow an important conclusion: in the first phase of the free-coiling, i.e. when
the fibers dehydrate to return to the original helical spring shape, the tendril seems
to be capable of creating the maximum force. After that, thanks to this recalling
force, it shortens the longitudinal length until an equilibrium between the load and
the force exerted is found/reached. This suggests that the method of creating the
free-coiling phase could be optimized in order to exploit the maximum possible force
in the first phase of the pulling.
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- Hooke's Law
L - Helical Spring 4
- Series of helical sp.
- Perversion spring

Tension (T)
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Figure 24: Simulation of the spring behavior

2.2.1 Perversion

The perversion, as describer for the first time by Darwin [16], allows to compensate
the twisting of the axis since there it connects the same numbers of spirals in both
directions.

The subtle physical mechanisms responsible for self-winding behavior is a result of
the intrinsic curvature due to the non-uniform deformation of tendrils filaments.
Indeed, due to the free-coiling phase at the beginning of the senescence, some fibers
contract and change their elasticity, allowing in such a manner to recreate the
intrinsic helical shape. The result, in case of constrained ending points, is a series
of helices connected by means of perversions. No torsion is allowed since the ends of
the tendril filament are constrained and, hence, the perversion phenomena results
in a smart and necessary solution for allowing the free-coiling.

During and after the free-coiling phase, the real tendril can be considered as made of
a series of helices and perversion springs. Looking at the formula of the perversion
spring, a term related to the ratio between torsional and bending stiffness can be
found.

Depending on its value, different behaviors can be underlined. if I' = 1, the Hooke’s
law holds.

If0<T' <lor0<1-I'<1,since D is < 1, the denominator decreases from 1 to
a minimum and it is always different from 0.

if ' >1or1-T < 0, the denominator shows a different behavior. It is always
positive, greater than 1 and increases with the displacement. Thus, at a certain
point/value, the related curve changes its behavior and the slope from positive to
negative.
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2.3 Tendril Measures

The tendrils elastic behavior and its dependence on the age, number of coils and
perversions, have been experimentally evaluated measuring the elasticity of cut
passiflora tendrils (Tab. 1 and Fig. 25).

Table 1: Evaluated tendrils; (*) length without coils; (**) number of coils per part

Length Coil coil N. | perv age Tendril

[mm] (*) | Diam. [mm] (**) Diam. [mm]
Tendrill || 63 (14) 35 47 | 1 old 1
Tendril2 64 2.5 14 (7) 1 old 0.6
Tendril3 || 98 (18) 2.5 18 4 old 0.6
Tendril4 53 1.5 18 (7-2) 3 | medium 0.3
Tendril5 | 42 (20) 2 18(9) | 1 old 0.3
Tendril6 || 38 (18) 3 12 4 young < 0.3
Tendril7 || 30 (23) - 3 0 young < 0.3
Tendril8 || 20 (15) - 3 0 young < 0.3

Figure 25: Tendril samples

Fig.26 shows an experimental equipment to quantify and evaluate this. In particu-
lar, the system has been created to gradually change the load with which the tendril
is pulled and, in the meantime, measure/quantify the relative displacement.

Figure 26: Experimental test system

By measuring and taking snapshots of the equilibrium points, the displacement -
force curve has been obtained. In this test, the displacement has been considered
as: (I —lp)/l; with 1 the measured length, Iy the length at rest and I; the approx.
length of the uncoiled tendril.
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e Tendril 6: 38 [mm] length (18 straight part length); 12 coils; 4 perversions;
young tendril coil diameter 3 [mm)].

Tendril B
45 T

ot

0 i | 1 i 1
0 0.058 0.1 0.15 0.2 0.25 0.3 0.35
normalized displacement

Figure 27: Tendril 6, displacement versus force

e Tendril 8: 20 [mm)] length (15 [mm] straight part); 3 coils; no perversions;
young tendril; no grasping. In this test, the displacement has been considered
as: (I —1l2)/ly with 1 the measured length, lo the length when the load is 2 [g],
i.e. the minimum for the experimental test-bench.

Tendril 8
25 T T T T T

load [g]

il i 1 I i I i 1
0 0os 01 018 0.2 0.25 03 03 04 0.45
normalized displacement

Figure 28: Tendril 8, displacement versus force

e Tendril 1: 61 [mm)] length (14 straight part length); 14 coils; 1 perversion; old
tendril coil diameter 3.5 [mm] To compare the two measures, displacement is
here computed as (I — lp).

Fig.s 27,28,29 show the qualitative helix like behavior and the difference in stiffness
between tendril with and without perversion. As reported in the cited papers, the

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 27



ESA-ACT - UNIBZ
2.4 Conclusions

Tendril 1
90 T T
all tendril with perversion
80+ only spring i
70
60
w5 0 +
B
= 40 / / il
301 1
20 4
10+ /
0 . i
0 5 10 15 20 25

relative displacement [mm]

Figure 29: Tendril 1, displacement versus force

stiffness of an old tendril is greater than the one of a young tendril. This suggests
that the forces, e.g. wind, that the tendril can manage are very high when it is
grasped and dehydrated.

2.4 Conclusions

In this second phase, the tendril characteristics and behavior have been evaluated
both to observe particular movements and to model and simulate mechanical and
elastic properties, thus translating in technical language the experimental findings.
Starting from the literature, we have demonstrated that there is a critical maximum
radius in tendril like structures which does not permit coiling. One of the most
fascinating things seen is that, even in that case, the system is able to grasp the
support creating a hook. It is the free-coiling phase that strengthens and secures the
grasping. The stiffness and properties of the system have been evaluated focusing on
the free-coiling phase. Again, the system evolved to exert the maximum pulling force
for high displacements, i.e. in the first phase of the free-coiling. In the next phase
we will evaluate possible solutions for modeling and replicating these capabilities in
a biomimetic way.

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 28



ESA-ACT - UNIBZ
3 PHASE: SMART ALLOY BIOMIMETIC PRINCIPLES AND TENDRIL

3 Phase: Smart alloy biomimetic principles and
tendril

Abstract. Following the results of the first two phases of the project, different
materials and techniques are evaluated to mimic the basic rules behind the tendrils
behaviour both to set-up future effective bio-mimetic mechanisms and to validate
the experimental observations. In particular, the free-coiling phase has been focused
both in terms of pulling and perversion, and in terms of grasp strengthening.

Keywords: Tendrils, SMA, grasping, free-coiling, pulling

3.1 Smart materials

Biorobotics and bioengineering require new and/or special active materials for de-
veloping new robots and (micro)actuators and sensors. Thus, traditional materials
such as alloys and metals are going to be replaced by polymers or special alloys. New
intelligent materials are being used to sense the environment and respond accord-
ingly. Shape-memory alloys (SMA), piezoelectric materials, electroactive polymers
fall in this category of intelligent materials [76].

Significant applications of these materials can be found in biomimetics, i.e. keep
inspiration from nature and design engineering devices [2]. Such materials are able
to respond to external stimuli, e.g. electrical field, magnetic field, light, Ph, by
changing shape or size, contracting, elongating, bending, etc. Hence, they can be
the suitable materials for investigating, reproducing and mimicking the tendrils
behavior. Electroactive Polymers (EAP) [43] are “smart materials” that, similarly
to piezoelectric actuators, deform in the presence of an applied electric field . Unlike
piezo-actuators, EAPs work and produce strain and deflections in a way similar to
biological muscles [79].

SMAs are materials capable to return to a predetermined shape when heated. If
cold, i.e. below their transition temperature, they show a low yield strength and
can be easily deformed to a generic stable shape. If the material is heated above
its transition temperature, a change in its crystal structure and a return to the
memorized shape occur, also generating large forces if obstacles or resistance are
encountered.

Shape memory alloys (SMA) exhibit large energy density and low driving voltage.

Generally speaking, two types of shape memory effects can be performed:

e one-way memory effect: it contracts to an original shape if heated; if no stress
is applied, it remains in the hot shape when it cools down.

e two-way memory effect: if properly trained, it stretches back to an original
shape at the low temperature. This means that two-way effect SMA show
both contractive and tensile forces; contraction force is much greater than
tensile force.
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The temperature of the material drives the phase transition and the mechanical
power generation. Joule effect is the most common way adopted but cooling can be
performed also by conduction or convection. One-way effect SMA can be attractive
in robotic applications, for instance when in a wire form.

Indeed, passive elastic forces or antagonistic SMA actuator pairs can be used to cre-
ate actuators [24, 48, 45, 63, 65, 47]. One possible drawback in this applications is
the slow response time and/or the hysteresis; the latter can be compensated by con-
trol algorithms while the former can be controlled by, for instance, a rapid heating
or antagonistic actuation [74, 11]. With SMA, lightweight, silent and inexpensive
actuators can be created [16].

In this work, among the possible solutions, the commercial available SMAs have
been chosen as basic material. This has been done because the desired shape can
be memorized in a relatively simple manner, they are sold both in wire and spring
form and for cost reasons.

3.1.1 Nitinol

One of the most common SMAs is a nickel-titanium alloy: the Nitinol (NiT1).

Nitinol shows very good mechanical and electrical properties and a long fatigue life.
For instance, a NiTi wire of 0.5 [mm] diameter can move 7 [kg]. NiTi is conductive
and, thus, it can be heated by joule effect by passing an electric current through
the wire to reach the transition temperature. This temperature is usually much
more greater than the room temperature, thus allowing to exploit such materials
as smart and small actuators and/or sensors.

Tab. 2 shows the main mechanical and physical properties of Nitinol.

Table 2: Nitinol properties

Physical properties

of Nitinol

Density 6.45 g/cm3
Resistivity (Hi-temp state) 82pohm/cm
Resistivity (Lo-temp state) 76pohm/cm

Thermal capacity 10 W/mK

Heat capacity 322 J/kgK
Melting temperature 1240-1310 °C

Mechanical Properties

of Nitinol
Ultimate Tensile Strength 754-960 Mpa
Typical Elongation to Fracture 15.5 %
Typical Yield Strength (hi-temp) 560 MPa
Typical Yield Strength (lo-temp) 100 MPa
Approx. Elastic Modulus (hi-temp) 75 GPa
Approx. Elastic Modulus (lo-temp) 28 GPa
Approximate Poisson’s Ratio 0.3
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Fig. 30 shows the thermo-mechanical characteristics (both martensite - lo-temp -
and austenite - hi-temp) of the SMA NiTi wires.
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Figure 30: Stress-strain characteristics at different temperatures

NiTi wires have been used and their shape for the on-phase has been memorized
by heating and maintaining the material in the desired shape for some minutes at
a temperature between 500° and 800° with a controlled oven( Fig. 31).

(a) (b)

Figure 31: SMA NiTi: example of memorized shape: a) spring and b) spring with
perversion

3.1.2 Flexinol™

Among the different patented SMAs, the Flexinol”™ [30], (Fig. 32), is of particular
interest. It is manufactured by Dynalloy Inc. which is a manufacturer specialized
in SMA actuators. Flexinol” is a nickel titanium alloy actuator manufactured as
small wires able to contract like little muscles. In the “on” phase, when heated,
their contraction is about 4-5%; when in the “off” phase they relay. Since they are
utilized as actuators, they have to show high repeatability, i.e. they have to be a
reliable and very repeatable material. Since they are Nichel Titanium alloys, they
have the same physical and mechanical characteristics previously described for the
Nitinol.

The exploited ability to flex or shorten is due to the change of the material internal
structure; the effect is a silent and smooth movement, hence suitable for movements
in small space with moderate speeds. Moreover, if properly driven a life of tens of
millions of cycles is reasonable.

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 31



ESA-ACT - UNIBZ
3.2 Mimicking and validating tendril principles

Often, in order to recover the original shape, an opposing constant force - bias force
- is used. As the wire cools, the bias force elongates it. The wire strength, pulling
and bias forces directly depend on the wire size.

Crucial is how the wire is made to operate. Normal bias springs allow 3-4% stroke,
reverse bias forces allow to flex up to 7% and a coupled device can transform this
stroke in a motion of over 100% the wires’ length and provide, in the meantime, a
bias force.

Figure 32: SMA Flexinol™ wire

3.2 Mimicking and validating tendril principles
3.2.1 Grasping

One of the effects that we investigated for bio-mimetic purposes is a secondary effect
of the free-coiling phase. Indeed, as shown in the previous phases, if the tendril has
coiled and grasped a non-cylindrical support, e.g. with a rectangular cross section,
the free-coiling phase allows a grasp strengthening and surface border adaptation.
This happens when a hook is created for grasping the support.

Again, first of all we have investigated the phenomenon by means of a phone cord
and then, by SMA.

The phone cord has been stretched and a grasping by anchoring has been induced
by bringing the cord near to the support. By releasing the tension, the cord comes
back to the original helical shapes. The final result is a cord grasped to the support
with a better anchor, since a sort of “cap” is created (Fig.33).
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(©)

Figure 33: SMA Free-coiling enhancing grasping effect

As SMA, a NiTi wire of 1.25 [mm] diameter has been trained to recover a helical
spring shape when heated. At room temperature it has been deformed and coiled
around a rectangular cross section support; then, tension has been applied to heat
the wire.

The effect, shown in Fig.34, confirms the idea: the phase transition and the change
of shape induces the material to “take” the support form, hence increasing the
contact surface and, as a consequence, friction force and strength.

3.2.2 Free-coiling and Perversion

As described in the previous phases, during the free-coiling phase, i.e. the phase
in which the tendril recovers the original spring shape, if the extremities are con-
strained and torsion is not allowed, the perversion occurs.

Thus, if the tendril has grasped and the free-coiling phase starts, one extremity is
anchored; the other cannot twist since it is fixed to the stem but can move if the
created pulling force is greater than the stem/plant load.

This phenomenon can be appreciated and reproduced if a phone cord is firstly
stretched, then constrained in its ending points and finally allowed to linearly shift
only from one hand. To this end, an experimental test-bed has been set-up by
means of a linear guide (Fig. 35).

Fig.s. 36 and 37 shows the sequence of perversion creation. In both the figures,
it is possible to appreciate the perversion creation between two helical springs. In
particular, when a long straight piece is kept as initial state, the generated coils
on one side of the perversion are smaller in radius (last sub-figure in Fig. 37); this
behavior /phenomenon often occurs also in the real plants. Concerning the pulling
force, it is greater at the beginning and decreases with the shortening of the distance
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Figure 34: SMA Free-coiling enhancing grasping effect: a) starting point; b,c) SMA
free-coiling effect

Figure 35: Test-bed for free-coiling emulation and evaluation

between the constrained end-points, thus with the relative displacement with respect
to the rest configuration. Indeed, the force is able to move the linear guide, i.e. is
greater than the static friction, only from a certain relative displacement.

This behavior, to our knowledge, has never been highlighted and investigated; its
evaluation, modeling and deeper investigation can be surely object of future work.

By exploiting the SMA materials, in particular a trained NiTi wire, the perversion
can be reproduced. First of all, a helical spring shape has been memorized and,
then, the material has been stretched to an almost linear shape. After that, it has
been fixed in order to not to twist, i.e. no torsion was allowed, and it has been
heated. The perversion effect can be reproduced by means of SMA materials even
if it is not repeatable for a large number of cycles due to the material performance
degradation.
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(e) ()

Figure 36: SMA Free-coiling and perversion with a phone cord 1
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Figure 37: SMA Free-coiling and perversion with a phone cord 2
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Moreover, the effect can be better reproduced if the memorized shape is a series
of two helical springs with opposite rotation direction connected by a perversion.
Indeed, when in the off phase, the material can be stretched and made similar to
a linear wire; its end-points can be constrained and cooled by applying a proper
voltage/current. Since the final memorized shape does not require the torsion of
the extremities, the SMA recovers well its original shape acting as a linear actuator.
Clearly the same behavior could be reproduced by only a series of helical springs
with opposite rotation direction. In Fig. 38 and 39, the phenomenon is shown.

Figure 38: Free-coiling and perversion by means of SMA

3.3 Grasping behavior

As described in previous sections, tendrils life can be subdivided in three main
phases: circumnutation, grasping by coiling or hook creation and free-coiling. If the
grasping phase is focused to be reproduced by smart materials, the main limit is
related to the reflex behavior; indeed, the tendril bends in the direction from which
the contact is recognized. This means that, to replicate the grasping behavior,
the SMA material could work well only if the touched support is able to induce a
localized phase transition and, hence, a bending phenomenon in the material; this
means that, for instance, the support should be hot enough or the tendril should
be equipped with touch sensors and, thus, made not only by SMAs.
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(e) )

Figure 39: Free-coiling and perversion by means of SMA
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In order to reproduce and mimic the grasping phase, a NiTi wire can be trained
to recover a coiled shape when heated. After that, the material has been deformed
end elongated. Indeed, if properly heated, the material can emulate a grasping
behavior; this occurs by applying current or heating small subsequent pieces of the
material from the base to the tip. It recovers step by step the memorized shape,
thus works in a bio-mimetic manner.

3.4 Conclusions

The tendril capabilities to act as a linear actuator have been reproduced in this
chapter by means of both a phone cord and SMA biomimetic materials. The re-
sults show how the phenomenon is reproducible even if, in case of SMA, the shape
recovery capabilities fast degrade.

If SMA materials would be used for a pulling purpose, i.e. to reproduce the free-
coiling phase, either a shape with perversion or a not fully stretched starting point,
i.e. only an elongated spring, can be used as solutions. On the other hand, the
grasping enhancing effect by means of a free-coiling phase has been recreated.
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4 Phase: Bio-inspired tendril...model, simulation
and emulation

Abstract. In this phase, a robotic approach is exploited to describe and simulate a
bio-inspired robotic tendril from a kinematic point of view. It is conceived by dividing
the structure in two parts: one devoted to the free-coiling and the other one to the
grasping. A kinematic simulator able to reproduce the three main motion phases of a
tendril is implemented. Moreover, a practical realization of the GC part is presented
as well as a proof-of-concept of a section for the modular structure. Finally, ideas
and possible future work that can exploit the evolution of this approach are presented.

Keywords: Tendrils, bio-robot, reflex, distributed control

4.1 Introduction: literature review

To give robots the grasping ability, mechanical hands have been studied since the
eighties [62, 60].

Grasping hands are studied from different bio-mimetic points of view: tactile sens-
ing, restraining (fixturing) and manipulating with fingers (dexterous manipulation).
To this end, both the mathematical model of a grasping hand behavior and the
recognition of the object form and position are complex tasks. As a consequence,
robotic grasping systems usually assume as known most or all the information
needed for the grasping or exploit vision to obtain relevant objects information

[67, 13].

Robot mechanical hands are usually simple, without anthropomorphic intent (i.e.
grippers, jaws, compliance devices), and developed to perform specific tasks (i.e.
suction cups for keeping glass, compressed air-driven tongs). On the other hand,
anthropomorphic multifingered grasping/fixturing can be classified in two classes:
enveloping and fingertip grasp. Broad reviews on these topics can be found in

[5, 68, 75].

Some natural systems show a sort of reflex-like behavior for mediating with the
objects to grasp by exploiting the tactile information. On the tactile topic, from
the mechatronic point of view, a lot of work has been made to create, optimize
and miniaturize tactile sensors solutions [75]: resistive - with strain gauges, piezore-
sistors, conductive polymers, elastomer composites, conductive fluids -, capacitive,
piezoelectric and optical sensors are the main classes.

From the biomimetic point of view, in particular for coiling robotics systems, some
work has been done to replicate the capabilities of some special animals.

Among these and for the purpose of this project, special attention has to be paid
to robotic snakes. The Hirose’s group, starting from his study [25] on the snake
movements, has developed a class of rigid-link hyper redundant dexterous manip-
ulators called “active cord mechanism” (ACM) or serpentine robots. “Continuum
manipulators” [58] show a backbone structure system with a high number of joints
and a very short length of links to tend to an ideal continuum condition that can
bend and contract/extend in any point (e.g. [9, 39]).
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Tendons and artificial muscle technologies are among the most effective hardware
realizations. Successful works on backbone manipulators are also the octopus and
arms and tentacles of squid - inspired robots [72], e.g. the OCTARM robot, the
trunks and tentacles-inspired robot [40, 73], e.g. Air-Octor.

A deep investigation has been done also in the design of endoscopes by observing
the snake movements. In this regard, a lot of work can be found in literature, ([51,

, 18]). These systems, even if not directly inspired to the tendril plant behavior,
have a lot in common especially if the circumnutation phase is considered. Indeed,
both for the tendril and endoscope structures, the motion shows similar movements.

Recently, the Octopus project (EU-FP7) has studied novel design principles and
technologies for a new Generation of high dexterity soft-bodied robots inspired by
the morphology and behavior of the octopus since 2007 [81]. The octopus tentacles
are able to carry out an effective grasping by contracting and elongating muscles
and fibers and bend in the desired direction.

Effective results related to the bio-mimesis of the system grasping capabilities have
been recently published [12, 49, 26, 41].

Concerning the grasping and free-coiling phases based on the plant tendrils (see
phases 1 and 2), to our knowledge, no biomimetic results or attempts can be found
in literature. Indeed, if the grasping phase is considered, important differences
or not yet discovered similarities between the plant and animal behaviour can be
appreciated:

e Tendrils motion and contact recognition

Passiflora tendrils are able to recognize supports and obstacles on the overall
surface thanks to the presence of specialized fibers. Indeed, tendrils bend in
different directions and not only on one side, especially in the second half of
the length.

e Multiple coils

This capability can be viewed looking at a winch-capstan system. Multiple
coils allow to have a small and negligible tension in the tendril apex, to have
a tension that increases from the apex to the most inner touching point and
to avoid the slippage due to the increased touching surface and the related
friction.

o Reflex - modular distributed behavior

As highlighted in the 2"? phase, the most sensitive part of the tendril is in
its second half. When it touches or is touched in this zone, it shows a reflex
behavior, i.e. it bends. The signal transmission is yet not well known even if
experimental observations show a sort of modular behavior. This means that
the zone that senses a support induces a contraction phase to the near fibers;
after that, if the contact increases, i.e. the touched nearest zones sense a
contact, the bending signal is transmitted creating the overall tendril motion
and grasping.

Thanks to this, a distributed reflex control is made, allowing the activation
of the motion locally and only when necessary. This is surely an advantage
from an energetic point of view since the modules “sleep” in a normal phase
and are activated only when necessary.
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The circumnutation phase, in which all the tendril moves, is a manifestation
of the radially asymmetric growth rate and results in a sweep “seeking” move-
ment that can, for our biomimetic purposes, be simplified in a motion created
by actuating the tendrils base.

Moreover, if the free-coiling phase is considered, other important features can be
highlighted:

e Enhanced hook for support radius over the limits;

As underlined in Phase 2, when the radius of the support to be coiled is greater
than a certain limit, the coiling phase is not possible but the grasping occurs
by means of a hook development which capabilities are enhanced through the
free-coiling phase.

e Spring actuator

The free-coiling phase allows to pull the stem towards the grasped support.
By coming back to the original/intrinsic helical shape, the tendril shortens
the distance between the fixed end-points. Moreover, the helical-spring shape
is perfectly tuned to resist to external loads and disturbances.

Thus, different and better characteristics induce us to evaluate and investigate how
to mimic the plant tendril system structure.
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4.2 Kinematic Model

In order to design a bio-robotic tendril, the overall structure has been considered
from a kinematic point of view. The model has been conceptualized and simplified
dividing the tendril in two main parts: the first (FC) mainly devoted to the free-
coiling and pulling phase, and the second (GC) devoted to the coiling and grasping
phase (Fig. 40).

GC part

(a) (b)
Figure 40: Bio-mimetic tendril model: GC and FC modules

Thanks to this, the GC part, devoted to the grasping, can be subdivided in inde-
pendent modules able to react when in touch or hit by something, and bend; the
FC part, devoted to the pulling, can be viewed as a single actuator that changes its
shape from a linear wire to a helical spring. To model the GC part, the approach
followed by Jones and Walker [39, 40] and Hannah and Walker [23], has been chosen.
They worked on the kinematics of multi-section continuous robots. In this way, a
kinematic description can be associated at each sub-section by means of elementary
pairs/joints, a description with the Denavit-Hartenberg (DH) notation, and a reflex
modular motion. Moreover, a direct relation between a “classical DH” section and
a wire driven module can be defined allowing to compute the cable tensions for a
particular sub-section motion.

The idea is to fully model the kinematics of the tendril GC part using closed-form
equations. This is carried out by dividing it in sections/modules which can at least
bend in two dimensions.

4.2.1 Modular structure: GC part

The GC part has been considered as subdivided in n-sections.

Kinematics involves two main steps: first, the GC tendril kinematic problem is
approached by means of a series of substitutions applied to a modified homogeneous
transformation based on the Denavit-Hartenberg (DH) notation; second, velocity
kinematics could be solved by computing the Jacobian for each and then by chaining
them together.

The main assumption is that the tendril section has a constant curvature. The
forward kinematics of a robotic system is usually computed by a standard homo-
geneous transformation matrix A(#,d) based on a DH table parameters; it allows
to transform the independent degrees of freedom (,d) in task coordinates, i.e.
position and orientation of the end-effector.
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A tendril-based continuous robot lacks joints and each tendril section can be viewed
and modeled through an arc of constant curvature, i.e. by means of parameters such
as length, curvature and/or angle of curvature.

To shift between this formulation and a conventional DH formulation, an equivalent
rigid-link-joint section and the transformation relations have to be defined; thus,
to fit a conventional rigid-link manipulator to the tendril section, the relationship
0,d)T = f (I,k, ¢), where 6 and d are the DH parameters, [ the length section, x
the curvature and ¢ the angle of curvature (see Fig. 41), has to be found.

length {

Figure 41: Tendril section: geometry and parameters

Once defined the relations, in order to simulate the tendril movement and grasp
behavior, the target is to relate position and orientation of each section and of the
tendril tip to the joint parameters.

For each section, a simplified robotic system made of rigid links and joints is defined.
Fig. 42 shows the “equivalence” between the real wire/tendril section and the
robotic-tendril.

The section is composed of a first universal joint, i.e. two revolute pairs with
orthogonal and intersecting axis of rotation, followed by a prismatic joint, and
ended with a second universal joint; this last joint and the related variables are
coupled with those of the first pair of the following section.

The first pair allows to rotate the local frame axis to be oriented to the section tip,
the prismatic joint allows the translation to the last point of the section, i.e. the
final coordinate frame origin, and the last pair allows to correctly rotate and orient
the local frame with the following section.

Since the last pair of a section and the first pair of the following are coupled, the
independent variables result in three per section. Regarding the prismatic joint,
if the number of sections is sufficiently high, it can be considered as fixed, i.e.
constrained, since the error made becomes negligible.

The DH table, Tab.3, can be defined after the definition of the local coordinate
frames through the DH notation. The fixed rotation on the x-axis at the beginning
of the DH table is added to have the section extension along the z-axis; the fixed
rotation at the end of the DH table allows to correctly orient the tip.
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Figure 42: Tendril section: equivalence wire - robot

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

—C18284C5 + C1C2C4C5 — 5185  €18254C5 + C1C2C485 — S1C5  —C284C1 + S2¢4 | cicad3
A= —818284C5 + S1C2€4C5 — €185 81828485 + 81C2C485 — C1C5 —81C284 + S2¢4 s1cad3
(c2s4 + s2¢4)55 —(c284 + s2¢C4)55 ca2cq4 + S284 s2d3
0 0 1

where ¢; = cos(6;) and s; = sin(6;).
The geometrical transformation between the DH parameters and the parameteri-
zation of the tendril as a spatial curve, i.e. [,k , , can be found by looking at the

geometry of a tendril section (Fig. 43).

Since the hypothesis of constant curvature has been adopted, each tendril section
can be considered/viewed in a 2-D plane m with respect to which its coordinates

Table 3: DH table for a tendril section

[Link[a] o [d] 6 ]
- 0] n/2 | 0 0
1 0| x/2 |0 0,
2 0| 7/2 | 0|6y +r/2
3 0| -m/2 | ds 0
4 0-7/2| 0 | 04 +7/2
5 0 0 0 05
- 0|-r/2]0 0
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skt (k5 K

(cos(xs)-1)/«k

Figure 43: Tendril section geometry

are:

(@, y)x = (cos((

These coordinates correspond, in the rototranslation matrix A, to the translational
terms in the first and second row of the fourth column. The distance d between the
extreme points of the tendril section can be found as:

2 KS
d=Zsin(™
Ksm( )

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

-1

tan(% cos(p))

6 = tan™*(

)

0y = sin~! (sm(%)sm(@))

Since the distance between the extreme points of the section is dsg and the last two
rotations restore the initial orientation, i.e. repeat the rotations of 1 and 2 in the
reverse order, the relationship between the tendril curve and the robotic formulation
results:

[ 01 02 d3 04 95 ]T = ESZTL(7)
sin~ ! (sin(52)sin(p))
)

tan=1(—=
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Finally, also the rototranslation matrix can be expressed in equivalent manner with
respect to the “curve” parameters:

cos?(#)(cos(rns) = 1)+ 1 sin(g)cos()(cos(ns) — 1) —cos(gp)sin(rs) | coxlelcostzr=1)
A= | sin(p)cos(p)(cos(rs) — 1) cos®(p)cos(p)(cos(ks) —1)  —sin(p)sin(ks) W
cos(p)sin(ks) sin(p)sin(ks) Cos(()ns) Slnflfm)

By simplifying the system and supposing a planar 2-D motion, the curve is planar
with a constant curvature. It can be associated to a planar robotic system made
of two revolute joints with axis of rotation perpendicular to the plane, linked with
a prismatic joint. In such a case, the DH table results as in Tab. 4 and the
rototranslation matrix as follows:

Table 4: DH table for a tendril planar section

[Link [a| o [d [0 ]
T [0]|x/2]0 6
2 0| 7/2 | ds]| 0
3 0 0 0|65
cos(ks) —sin(ks) 0 COS('ZS)A
A — | sin(ks) cos(ks) 0 Sm’(fs)
0 0 1 0
0 0 0 1

4.2.2 Modular structure: FC part

The FC part can be adequately modeled by a unique kinematic section. Indeed, on
one hand it is constrained by the stem/fixed base and, on the other hand, to the
contact/grasping point.

The chosen section has the same characteristics of the previous defined ones, both
for the 3D and 2D motion. Indeed, thanks to the first universal joint the tendril
can be properly oriented; the prismatic joint allows to consider the free-coiling
main effect, and the second universal joint to take into account the correct final
orientation for connecting the two bio-mimetic tendril parts. Since the two extreme
points are constrained and no torsion has to be allowed for both the base and the
connection with the GC part, the two universal joints are passive joints; this means
that the related angular values are defined once ended the grasping phase. The
unique active joint is the prismatic pair; its length value is the distance between
the base and the origin of the first local coordinate frame of the GC section.

From the kinematic point of view, the problem consists in a shift of point of view:
the end-effector of the section becomes the point connected with the base, the stem,
and the movement has to be described with respect to the local reference frame of
the last pair of the section, i.e. the one that now is constrained and fixed (see
Fig.44).
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Figure 44: Tendril free-coiling section kinematics
4.3 Simulation

The derived formulas have been implemented in a Matlab simulator to simulate the
kinematics of a bio-inspired tendril.

The FC section has been defined with a greater length with respect to the GC
sections, e.g. half of the overall length, and considered in the searching and grasping
phase constrained in its origin point.

The GC section has been divided in n sections of equal length.

The circumnutation phase has been simplified and implemented as a centralized
motion by driving the first universal joint of the chain; this means that the overall
tendril spans a cone in a 3D motion (or an angle in 2D) searching a support to be
grasped (Fig. 45).

The grasping phase has been conceived as a reflex behavior considering, for this
purpose, each GC section as an independent module. The 3% joint has been con-
sidered as fixed in length since a large number of sections are simulated. This means
that, if a GC section touches an obstacle, it stops the main circumnutation motion;
after that, it reacts by actuating the last joint of the section in the direction of the
stimulus. This results in bending the remaining tendril in the stimulus direction
until when either another section recognizes a stimulus, i.e. is in touch with the
support, or the minimum curvature angle is reached. In the former case the bending
motion continues and the grasping by coiling goes on; in the latter case the motion
stops and the tendril motion has to be zeroed/restarted (Fig.s46,46(f)).

FAST - Faculty of Science and Technology - Free University of Bozen-Bolzano P. 48



ESA-ACT - UNIBZ
4.3 Simulation

Figure 45: Biomimetic tendril kinematics: circumnutation; only the 1%¢ joint and
the 1% section are actuated

The contact has been implemented by searching for each module if there is intersec-
tion between the segment that connects the two universal/revolute joints, i.e. ds,
and the surface to be find, e.g. a cylinder (Fig. 46).

The FC behavior has been implemented as a pulling motion driven by the prismatic
joint. 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 (Fig.47).

Three main behaviors can be thought for the grasping and pulling activity:

1. “growing” the system. In this case, if the stem is considered as a linear guide
that can move on the vertical axis, the FC behavior, by shortening the distance
between the two limit points, allows to move this prismatic joint and, thus,
to extend the stem (Fig. 48(a));

2. pulling a load. In this case, the FC activity works to move a load in a prede-
fined direction (Fig. 48(b)).

3. holding the stem under external loads, i.e. wind; In such a case, once the FC
part has created a helical spring and an equilibrium point is found, such a
spring allows to stand external loads and have a robust grasping.

From another point of view, the GC part can be considered as a unique section.
This can be made to describe, from a kinematic point of view, the relation between
a particular curvature and the equivalent robotic module. Indeed, if the d3 is not
fixed and starts from its maximum extension, by shortening this linear joint, since
the overall real-tendril length is constant, a particular curvature is represented (Fig.
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(e)

(b)

(d)

(f)

Figure 46: Bio-mimetic tendril kinematics: grasping
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Figure 47: Bio-mimetic tendril kinematics: free-coiling
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Figure 48: Free-coiling behavior ideas
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49). This is useful if a kinematic description and simulation is associated to a unique
GC section prototype.

Figure 49: GC unique section kinematics

4.4 From rigid links to wires

The kinematic definition by means of universal/revolute and prismatic joints will
result, if a large number of sections is considered, in a large number of joint sensors
and actuators. Moreover, the classical target in continuous and modular robots is to
determine and know the robot shape. In our case, the idea is to conceptualize a bio-
mimetic tendril that searches a contact by actuating only one joint and each section
is driven and bends only by a reflex behavior. Thus, the shape determination is
not so important or, at least, precise information for all the sections is no required.
Hoverer, to create and simulate an effective system, it is important to take into
account the overall direct kinematics and all the actuated joint values. In order to
move to a bio-mimetic tendril prototype driven by SMA materials and a lightweight
cable or spring (in the following we will use the term “wire”) driven system, a
transformation between the developed kinematics and the cable length variables
has to be defined.

By maintaining the assumption that each section bends with a constant curvature
and considering for simplicity a planar motion, hence a 2D system, each section can
be evaluated.

Given the simplified drawing of the section in Fig. 50, the realization idea can be
described as: the section is based on a revolute joint composed of two rigid elements
with same geometrical dimensions. By naming w and h the width and the height
of the two rigid elements, wl; the length of the i-th wire (i = 1 or 2), the wire and
system kinematics can be computed.
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\»II wl,

Figure 50: Planar section model driven by wires

w and h create a right-angle triangle. After the actuation of one of the wires,
the final wire length results wl;y=wl; (fin) and the length variation, considering for
instance the wire 1, can be described as:

Awly = wh (fin) — wh (in) = wh 5 — whiy,

The angle v1, controlled by the wire lengths, changes from 1, to 71 i and, in this
final configuration, it is:

(\/4d2 — (22 — wiZ )2
2d% — wh

Y1fin = atan

with d the hyphotenuse of the right-angle triangle with w and h catheti.

The revolute joint rotation can be computed considering that the sum has to be
180°; it holds:

p=m— 2atcm(%) — Vifin
Regarding the second wire, the angle that defines its final length is:

w
Yofin =T — 2atan(ﬁ) +

Thus, the wl (fin) can be computed as:

wly (fin) = 2/ h% + w2sin(yafin)
If a SMA material is adopted, the Awl; is driven by heating the material and,
hence, by applying current. In such a case the final length wl;y can be considered

as constant, i.e. the contracted length when SMA is heated.

The relation between the DH parameters and the wire lengths can be computed
(look at Fig.51) by exploiting geometrical relations.

Given the ¢ angle, it is possible to find the value of 8 and «; it holds:

_T—y
p= 2
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The distance between the two main frames, i.e. ds, is the distance between A and
B:

ds = 2hsin(p)

In such a way the direct relation between the wire lengths and the DH parameters
is found.

4.5 Proof of concept

Two main strategies have been evaluated in order to physically reproduce the tendril
coiling behavior.

In the first case, the idea has been to work with a GC part made of a unique module
actuated by SMA wires.

In the second case, the idea has been to evaluate a modular structure, hence a GC

part made of many sections, and try to design a hardware realization of one section
by exploiting the properties of the SMA materials.

4.5.1 GC part: single section

In this attempt, we tried to replicate the coiling behavior of a tendril by means of
SMA materials.
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The idea is to properly actuate NiTi wires and create a simple, light and small
structure able on one hand to bend and coil and, on the other hand, to recover a
straight or almost linear shape.

To this end, SMA NiTi wires of the same length, e.g. 100 [mm], have been used;
to some of them a coiled shape has been memorized while the remaining have been
trained to recover a straight shape when heated.

In such a way, by alternatively giving current to the “straightened-if-heated” circuit
or to the “coiled-if-heated” circuit, Fig.52, the bending and coiling behavior of the
tendril can be properly emulated.

The amount of current that has to flow within the wires directly depends on the
geometrical dimensions, on the mechanical and physical properties of the material
and on the velocity of actuation that is searched. Indeed, the greater the current
flowing in the SMA wires, the faster the changing phase temperature is reached and
the motion created.

Fig.s 53 and 54 show some experimental tests that show the goodness of the ap-
proach.

Coiled-if-heated

Straightened-if-heated

Figure 52: GC unique section simple prototype

4.5.2 Multi-section GC part: section prototype

As described previously, the GC section kinematics can be associated to a wire-
driven system. In particular, if a 2D section is considered, the kinematic solution
previously carried out can be exploited to design a possible proof of concept.
Taking into account that SMA materials can shorten in their “active” condition,
they can act as actuators and change the orientation of the superior platform. In
such a manner, the section bends in the wanted direction. In order to recreate the
wires, two main roads have been considered: either to exploit Flexinol”™ wires or
NiTi springs.

In the former case, the wires do not show a large contraction (e.g. 3-5 % of their
lenght) and they return to the un-shortened state if the current is leaved out. In the
latter case, the springs act as a linear actuator and with a large force; after being
heated, they almost remain in the final state if no counteracting force is applied.
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(a) (b)

(c) (d)

Figure 53: Test 1: coiling
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Figure 54: Test 2: straightening

Preliminary tests have been made with NiTi helical springs which main character-
istics are: diameter 750 [pm], length when heated 29 [mm], external diameter 6
[mm],wire diameter 750 [um], transition temperature 45-55°C, Fig.55.

Figure 55: NiTi helical compression spring

These springs can be easily elongated (maximum length 140 [mm]) and, when cur-
rent is given and the transition phase temperature is reached, they contract to the
compressed helical spring length. By choosing such kind of actuator, it is possible
to design different kind of modules.

In Fig.56, the 3D view of a planar motion section driven by counteracting springs
is shown. In this case, if the two helical springs are mounted in an elongated con-
figuration, i.e. compressed length plus a displacement. Once a wire is driven, the
module bends in the contracted helical spring direction thanks to the hinge; in the
meantime, the spring not actuated elongates to reach an equilibrium point. In the
described configuration, considering that at the end of the active phase one spring
is contracted and the final configuration is almost retained, the overall module has
bent with a certain angle, thus a tendril-like motion is replicated.
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(b)

Figure 56: Two helical spring section: a) 3D design; b) ABS prototype
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If a unique bending side is searched, a system as in Fig. 57 can be exploited. Both
the wires are made of SMA materials. On the bending side, the rest state shows,
as previously, a spring in an elongated configuration; on the other side, the spring
in the contracted configuration, i.e. [y, is mounted. Thanks to this, when the first
spring is heated, it contracts and bends the module; in the meantime, the second
spring elongates of a fixed amount. Then, if the first wire is leaved cold and the
second wire is get hot, the “zero” state is re-gained.

Figure 57: Two helical spring one-direction section

Same considerations and designs can be made if cables are considered (Fig. 58). In
this case, if cables such as Flexinol™ are exploited, the main drawback results in
the rest state, i.e. when the material is not in the on-state. Indeed, when the voltage
is cut-off, the temperature in the material lowers under the transition threshold and
the material goes back to the original elongated state. In this condition, the bent
position can be maintained only if the on-state is retained, i.e. by applying voltage
and consuming energy. Since the variation in length of such materials is quite low,
e.g. 5 %, devices to double and multiply the contraction can be evaluated (Fig.59).

(b)

Figure 58: Two cables section: a) direct connection; b) one-direction

Figure 59: Two cables section: multiplied contraction
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4.6 Conclusions and future work

The results and directives of the first three phases have been exploited to model and
design a bio-inspired robotic tendril. Starting from the state of the art in grasping
systems and/or continuous bio-inspired robots, the main differences between the
tendril structure, behaviors and the available literature have been highlighted. After
that, a tendril-like structure has been conceptualized and simplified by splitting the
system in two main parts: the first, attached to the base to be moved, that is
devoted to the free-coiling pulling activity, and the second, the sensible part of the
tendril, devoted to the main grasping activity.

The bio-inspired tendril model has been developed from a kinematic point of view
and the relations between the active parameters found. The DH notation has been
used to describe each section of the system. The relation between the robotic model,
i.e. revolute and prismatic joints, and its equivalent wire-based system, has been
computed in view of a SMA use.

Two different designs for replicating the grasping behavior by means oF SMA mate-
rials have been proposed. Both cables and springs have been considered as solutions.

The simulations and results show that the ideas are effective and the tendril behavior
reproducible.

Possible future work should focus the exploitation of the designed systems for cre-
ating new systems such as:

e legged and climbing robots able to grasp by means of the coiling effect and
climb by means of the free-coiling behavior;

e linear one-shot free-coiling autonomous actuators. This means that the free-
coiling helical spring shape will use the transition phase of the SMA materials
for bringing near two parts only by heating the material. With respect to
simple wires the helical spring shape ensures better performances.
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A Appendix

Photos, time lapses and videos can be found in a separate folder.
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