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Abstract. Folding in nature allows development of complex structures such as flowers,
insect wings, proteins and intestines. The origami robots can be obtained from folding
the elastomer foils and by embedding the shape memory alloys (SMAs) elements. The
SMA artificial muscles have the role of producing the fast motion. The hardening
effect corresponding to the smooth hysteretic behaviour of SMA artificial muscle is
investigated together to the actuation and the force performance by using a Bouc-Wen
model coupled to the intrinsic time which governs the behavior of the SMAs. The soft
robots can offer a good opportunity for drug delivery and minimally-invasive surgical
procedures.
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1. INTRODUCTION

During the last two decades, the research on the robots made of soft materials
with similar elasticity as biological materials has focused to the elastic deformation
and fast motion when submitted to overload/impacts and to the shape adaptation to
the external constraints and obstacles [1, 2].

Bio-inspired systems which mimic the capabilities of insects or animals, have
suggested the architecture not only for the rigid bodies but also to the elastic
elements associated with the soft parts [3]. The inspiration of these robots came
from observing the waves of the snake movement and the enhanced motions given
by changing the waves phases and amplitudes.

The robot considered in this paper is 3 mm in diameter and 31.5 mm long,
consisting of 15 revolute joints of 0.5 mm each. The joints are perpendicular to
each other in order to achieve different configurations. The 15 SMA muscles with
cylindrical forms of length 1.5mm are placed between joints. Taking inspiration
from the Japanese art of folding technique [4—8], the robot is obtained by folding
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an elastomer foil and inserting the SMA elements to mimic muscles. The scheme
of this robot is presented in Fig. 1.

The robot shown in Fig. 1 contains more identical structures like a bird-neck
mechanism. Similar works regarding the soft robots obtained by folding can be
found in [9-11].
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Fig. 1 — Scheme of the robot obtained by folding the elastomer foil.

The paper is not including the embedding of other electronics or energy
sources. As a solution for muscle-like actuators, the shape memory alloys (SMA)
are chosen due to their transitions in the material structure under temperature
changes which allow the recovery of stored elastic energy [12]. The SMAs have
the advantage of a large force/weight ratio extended to the micron size [13, 14].
The SMA artificial muscles are characterized by the motion of the robot in flexion.
The relationship between the bending angle and the actuation is investigated.
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2. MODEL

To describe only one component of the robot, the Stewart platform is used in
the form of the cable-suspended platform [15—-18]. The first platform is the elastic
element and the second one the cable actuation. The platforms are equilateral
triangles and each cable links a node from the lower platform to the corresponding
node of the upper platform [18]. An elastic central column is added to assure the
platform stability. The platform exhibits 3 DOF. The joints between the column
and the platforms are fixed.

In the spherical coordinates system, the generalized coordinates are defined
as: & the height of the central column, the anti-clockwise angle 0 starting from the

positive x — axis in the (x, y) plane, the angle ¢ between the upper platform plane

and the projection d of the central column in (x, y) plane. The central column
bends under a circular arc of radius of curvature R.
The model of bending geometry is shown in Fig. 2, where O, and O, are the

origins of the coordinates systems attached to the base and upper platform,
respectively.

Z

Fig. 2 — The model of bending geometry.

Only the rotations o and B about x —and y — axes, respectively, are taken
into account and determined as

aztan‘l(%} than‘l(mj. (N
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The nodes where the cables are attached to the base and the upper platforms
are noted by 4;, and B;,i=1,2,3, respectively.
The lengths of the cables are computed as



6 Ligia Munteanu,Veturia Chiroiu, Cornel Brisan, Cristian Rugind, Valerica Mosnegutu 4

ll :”AIBI 15

. . . 12
:([rsmocsm[ier]2 +[rcoso—7+ y]? +[rsmacos[3+z]2) ,

I, =l 4,8, |I=

=([-r2 12+ 72/ 2cosB—r/2sinasinB+x]? +
+[r/2—r/2cosa+y]? +[z—r\/5/2sinB—r/2sin0cc05[3]2)1/2, @)
I3 =[| 43B5 ||I=

=([—r\/E/2+r\/z/2cos[3—r/2sinocsinB+x]2 +
Hr/2—r/2cosa+ y]? +[-r2 / 2sinB—r/ 2sino.cosP + z]?) V2.

3. SMA ARTIFICIAL MUSCLES

The origami robots contain the embeded artificial muscles made from shape
memory alloys. The structure of the SMA muscle is shown in Fig. 3.

It consists of 4 SMA wires, a base disc with a SMA guide, an end disc, 15
spacer discs and 2 flexible rods made from steel. All discs are made of resin.

Electrical current flows into SMA wires via lead wires located in the SMA guide
box in the base disc. Two types of SMA wiring arrangements are used to generate the
movement. These arrangements the spacer discs must be able to generate enough force
and movement to rotate the joints. Different combinations of these modes A and B can
be created by variations of distances and angles. The propulsion mechanism that
generates the muscle action and thus the robot's movement is achieved through a
succession of combinations A and B suggested by the task of the robot. The SMA
guide box controls the temperature in relation to an internal measure of time specific to
SMA wires. This box is made from silicone rubber.
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Fig. 3 — Structure of the SMA actuator.
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SMA wires have the diameter 0.3 mm and the Ni content 55.4%. When
electrical current flows into SMA wires, they are compressed to the length of the
memorized shape and when the electrical current is turned off, the SMA wires are
extended by natural cooling. The hardening effect corresponding to the smooth
hysteretic behaviour of SMA artificial muscle and the investigation of the actuation
and the force performance are done by using a Bouc-Wen model.

The SMA guide box controls the temperature of the wires with respect to an
intrinsic time measure 3 for muscle actuation. This measure is introduced as a
non-decreasing function which depends on the strain tensor €. It can be expressed

@,

as d9 =(de:de)"?, where the double dot product of two tensors is noted by “:”,
A:B=6,8 ;. 4;Bj, 6, =1 for i=j and 8, =0 for i+ ;.
For p=1,we have d9=||de||, [19-21].

We suppose that the Helmholtz free energy density ¥ depends on a single
internal variable tensor ¥ .

Y =(Cy/2)tr(e)® +(Cy / 2)e, i€ 4 + Bytr(e)tr(y) +
+Bagg i qq +(Do/2) tr(1)* +(Dy /1 2) Xy Aa>

where €, =¢—1/3tr(¢)! and x, =x—1/3tr(y)! are the deviatoric parts of the

3)

strain tensor ¢ and of the internal variable tensor y , respectively, / is the unit

. ovY .
tensor. The state equation ¢ = P where o 1is the stress tensor, leads to
€

o=(1/3)tr(c)] + 64 =(Cytr(e) + Bytr(x) )] + Cre 4 + By g » 4)
where o, is the deviatoric part of the stress tensor. The thermodynamic force

oY : . .
T= . associated to the internal variable tensor y becomes
X

t=(1/3)tr(0)] + 14 =(Bytr(e) + Dytr(x))I + Bye g + Dyxy s 5)
where 1, is the deviatoric part of the thermodynamic force, and tr(t) =3B,tr(e) is
the elastic hydrostatic response. From (5) we get

T =Byeq +DyYa- (6)
The solution of (6) is given by

9 '
Ta =szexp[—%(8—8’j%8’ , (7
! 2
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for t,(0)=0. By substituting (6), (7) into (4) we obtain

B3 B
o =|Cy——L g, +—21,=
d [ 2 DzJ d D, d N
2 29 ’
= CZ—B—Z 8d+B_2 exp —&(9—8’ agd(‘?) 8',
D, D, 5 b, 09

B2 B2 B2
where C, —D—ZZO, —2>0. The term | C, —D—2 g, describes the hardening

2 2 2
effect while the integral corresponds to a smooth hysteretic behaviour.
2 2
By denoting A4,=C, _B , A= B—z B= D, and p(9) = Aexp(—p9),
D, D, b,
equations (8) becomes
9
B og 4 (9
O-d:AOSd +_2Td:A08d +J‘H(9_9')L’)d8' (9)
D, 0 09
By denoting
9
Oe ;(9)
z=|p@-9)=4dy’, 1
!u( ) oy (10)
equations (9) and (10) become

We recognize in (11) the hysteretis model proposed by Bouc [19, 21] in the
differential form

w(t) = Agu(t) + z(t) , dz = Adu—Bzd9, (12)

with u(t) and w(z) are the input and output time-dependent functions, and
Ay, 2 0. The function z(t) describes the time history of the input variable # which

can be the actuation or the force. The hereditary kernel u(8—-9)>0 has an
exponential form

n(®) = dexp(-p9), 4,8>0. (13)

1The time function 9 represents the total variation of u .
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4. RESULTS

The lengths of cables are computed with (2). The desired positions of the
upper platform are obtained next. The lengths of the cables for six configurations
of the upper platform are shown in Fig. 4. The curvature of the central elastic
column follows a circular arc within this 30° angular deformation.

The actuation performance is analyzed by studying the relationship between
the bending of the robot and the actuation. The maximum displacement for
different times is investigated.

The relationship between the maximum displacement of the SMA muscle and
the angle is shown in Fig. 5. The vertical axis represents displacement and the
horizontal axis, the time. The displacement is 3 mm for a bending of 90 degrees.
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Fig. 4 — The lengths of cables for different configurations.
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Fig. 5 — The relationship between the maximum displacement of the SMA actuator and the angle.
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Fig. 6 — Force calculation during activation.
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Fig. 7 — The relationship between the maximum force and the angle.

The variation of the force with respect to time during activation is shown in
Fig. 6. The maximum force and the relationship between the bended robot and the
force of the actuator is also investigated. The bending angle varies continuously
from 0 to 90 degrees. Simulations showed that the SMA muscles can generate
forces as high as 10 N. The relationship between the maximum force and the angle
is shown in Fig. 7.

After several loading/unloading paths, Fig. 8 shows the progressive
enhancement of the stiffness (red lines). The explanation consists in the phase
transformation of the SMA material. The martensitic variants are nucleating in
response to the direction of the moving [19].
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Fig. 8 — The progressive enhancement of the stiffness.

5. CONCLUSIONS

To sum up, this paper focuses on a soft robot obtained by folding an
elastomer foil with embedding the artificial muscles made from shape memory
alloys. The robot is designed to provide the motion observed in the human arm, for
example for drug delivery and minimally-invasive surgical procedures [22, 23].
Examples of different approaches in this subject can be found in [24-27]. The
robot contains an elastic central column connected between the platforms capable
to produce angular displacements between the platforms. The actuation and force
characteristics are investigated by using a Book-Wen model coupled to the intrinsic
time measure of the temperature which governs the behavior of the SMAs.
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