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ABSTRACT: The increasing tendency to soft robots in various applications justifies the reason for
studying the behavior of such actuators. The present study investigates the effect of fiber angle on the
motion behavior of elastomeric fiber-reinforced actuators with two circular and semicircular sections.
Unlike previous researches, this study takes into account the elastomer material used in actuator
construction. Furthermore, unlike previous researches in which phase angle variation was studied just
in linear actuators, phase angle variation in linear-twisting actuators is also considered. The simulation
results showed that the phase change angle is 54.2° in silicone linear actuator and 30° in linear-twisting
silicon actuator. The results also showed that the maximum bending in the semi-cylindrical bending
actuators occurs at a 90-degree angle of twisting fibers. To verify this behavior, experiments were done.
Silicone linear actuators were made with four different fiber angles including 30, 54.2, 54.3, 75, and 85
degrees. Moreover, Linear-twisting actuators were made with two different fiber angles including 30, 55,
65, and 85 degrees clockwise and 45 degrees counterclockwise. At last, one bending actuator with fibers
at the angle of 88 degrees was made. All these actuators were evaluated after actuation. The experimental
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results confirmed the simulation results with a maximum calculated error of 14%.

1. INTRODUCTION

Soft robotics is a branch of robotics dealing with
modeling, designing, and fabricating robots which have soft
materials and soft actuators in their structure. Among all
kinds of soft robots, soft pneumatic fiber-reinforced actuators
are very attractive for scientists as they are lightweight,
easy fabricated, inexpensive, and also inherently safe. All
these characteristics, make these soft actuators applicable
in the rehabilitation field. Pneumatic artificial muscles are
a particular type of fiber-reinforced elastomeric actuator
that the fiber angle is less than 54.7. The artificial muscles
were first employed in 1958 by Gaylord [1]. Colony et al.
[2] showed that by changing the angle of the thread, a wide
range of motions could be achieved and also showed that the
actuator has an extension at angles higher than 54.7 degrees
and contraction at angles less than 54.7 degrees. Polygrinus
et al. [3] investigated the bending actuator of semi-circular
cross-section fiber-reinforced and a mathematical model for
signifying the relationship between the air pressure and the
curvature.

Unlike previous studies in which only the phase shift
angle of linear actuators was examined, this study also
examines the phase shift angle of linear-torsional actuators.
For this purpose, the effect of fiber twist angle on the motion
of linear, linear-torsional, and flexural silicon actuators was
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investigated. Here, first, the motion behavior of the actuator
was investigated with the help of simulation, then the
accuracy of the simulation results was measured with the help
of experimental evaluations.

2. METHODOLOGY

This study was conducted in two main parts including
simulation and experiment. In order to simulate actuators’
behavior during torsion, linear and linear-torsional motions,
each of these actuators was first modeled in Abacus. Their
body was considered as cylindrical (for linear and linear-
torsional actuators) and semi-cylindrical (for bending
actuators) channels and fiber modeled with scripting python
in Abacus. For instance, Fig. 1 depicts the linear motion
cylindrical actuator model.

The type of analysis must be nonlinear and quasi-static.
But, the excitation speed is low, so the analysis was considered
static. For simulation, the body geometry was performed with
Table 1 dimensions.

The fiber angle was varied from 0 to 90 degrees. The
actuator behavior was then examined. Torsional linear
actuators are wrapped only clockwise or counter-clockwise.
As shown in the figure. In this type of actuator, the fiber angle
was also changed from 0-90 degrees. In the bending actuator,
the surface of the actuator cross-section is semicircular, and
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Fig. 1. Linear motion cylindrical actuator model

an inextensible layer is placed on the part of its surface.
To simulation verifying, several samples were made. The
molds were designed with CATIA software. And then it was
built with a 3D printer. Silicone with shore 25 was used for
molding. And the ratio of silicon to hardener was 5 to 1.
To degassing the silicon-hardener mixture, it was placed in
a vacuum chamber and then placed in the oven to dry. The
presence of a little bubble in the actuator body will cause the
actuator to fail when pressurized. After wrapping fiber, the
actuator was covered with a second layer of silicon.

3. RESULTS AND DISCUSSION

In this paper, three types of the actuator are investigated.
In the first type, the cross-sectional area of the actuators is
circular. The fibers are wrapped bilaterally (clockwise and
counterclockwise) around them. The actuators whose fiber
angle is higher than 54.2 have an extension, and their fiber
angles lower than 54.2 have a contraction. Angle 54.2 is
the angle of change of actuator motion. At this angle, the
actuator will have no contraction and extension. This angle

Table 1. Dimension of the actuator

Outer radius Outer radius Length actuator

20mm 16mm 60mm

is obtained in theory 54.7. The difference between the angles
in the simulation and the theory is 0.9%. The simulation and
experimental results can be seen in Fig. 2.

Generally, the non-threaded actuator will increase the
length and diameter as the air enters the channel. A cylindrical
actuator is twisted at a 0-degree angle. By stimulating the
actuator, the fiber force will be higher than the pressure force
inside the channel. The direction of the fiber force is the
opposite of increasing the length of the actuator. As the fiber
angle increases, the fiber force will not be in line with the
actuator length, so the amount of force that the fiber exerts in
the opposite direction will decrease. By decreasing the fiber
force, at a specific angle, the fiber force and air pressure will
be equal, which the actuator will have no longitudinal change.

In the second type, the actuator is wrapped only in one
direction (clockwise or counterclockwise). Hence it will also
have a twisting motion. In this type, in addition to the twisting
motion, there is also a change in length. But the angle that the
actuator has no change in length is less than that of the first
type.

The third type is the semicircular cross-section fiber-
rained force actuator. This actuator will bend as the air enters
the actuator channel. The higher the fiber angle, the higher
the bending of motion (Fig. 3). The maximum bending
motion occurs at the angle of fiber 90 degrees. It is difficult
to achieve 90 degrees in the fabrication process so that the
bending actuator is fabricated and tested at 88 degrees of fiber
angles as shown in Fig. 4. On the one hand, several samples
with different fiber angles were fabricated and tested to verify
the simulation results. The repeatability of the test was also
repeated five times. The results of the simulation show that
as the cross-section changes (the angle of the fibers and the
air pressure is kept constant), the closer to the semicircle it
becomes, the higher the bending angle is achieved.
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Fig. 2. Comparison of practical results and simulation results for linear actuator at 100 kPa inlet pressure.
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Fig. 3. Influence of the fiber angle on bending motion at constant
pressure (70kPa)

4. CONCLUSION

Fiber-reinforced soft actuators are very popular due to
their unique features such as lightweight, easy fabrication,
inherent safety, and low price. These actuators have a high
potential for application in a variety of fields such as surgery,
rehabilitation, transportation. Therefore, the behavioral study
of such actuators seems necessary. In this paper, three types
of the actuator are investigated. The linear actuators that their
fiber angle is higher than 54.2 have an extension, and their
fiber angles lower than 54.2 have a contraction. In linear-
torsional mode, the actuators have extension and contraction
but the angle that the actuator has no change in length is less

Fig. 4. Semi-cylinder bending actuator with 88-degree fiber
angle a) Before applying air pressure. b) After applying 100 kPa
air pressure. c) the experimental result and verification

than that of the first type. In a bending actuator, the maximum
bending motion is at the angle of fiber 90 degrees.
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Fig. 1. Silicon cylindrical actuator model with linear motion
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Fig. 5. Defects of silicon part due to unsuitable degassing a) The bubble in the actuator wallb) Mold not filled with
silicone and hardener c¢) Non-uniform wall thickness.
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Fig. 6. Components of bending actuator mold with semi-circular cross-section
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Fig. 7. Fabricated bending actuator
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Fig. 8. Fabricated stand to hold stable the actuator during test

42U o] 5 S e (i oS s (stbmgts (] S (10,5
ol g (BEmBge lp rigred 995 (SS9 5 e 2o
aslo gl A S o 0l solawl (s dae g0 5l aale (0,5
el 00l 00lo lis o ol e 20 0 Jaisgd o0l

[ohgy s S5 Jold Jlae S5l oS e S 1 Sy
3w ls o s ooliial g2y90 )1 J 2089 So g 4 ¢ agelss
S il jelaie 4ol e B AaSs S (0,88 L oS e
Al G NS AL S e (5, K5 e Cdle S S e SO
oy cdle ol g Il 5 50 pgal (3105 SaS L g
CrSB oy A JSE e S cud ol plraly ade 5 i
s oo lis Giolesl slBtws o1, S e

£oY)

gl S e el plin a5 Conl ol Slis L 5
S BByt g pdydllanl Y ool ¥ BUI Gty Sl iy
oz ) 599 & BLIl g 9 9565 J18 955 pgare e 5o
9 90%9) 3l Led 99 )0 CS L 3l G 1) (i Sy ¥ SCD 090

Ao oo ol YL

o] o (s b g ialoj] ligzs —Y-Y-Y
lgo salg) & a5 o1 5l e Ceslion Syoe 2 b5l ln

Gazmale G o) a4l S jekaie A ol csls Jlasl

S D9 00 Al S yomo S a8 gojlail 4y (6 ka8 by glailgl
ol A b ol aid )8 i o S e olai) Ceed 0,5 g



YOA+ b ¥OFD axbw NYe - JL..J A b)u QY 0y9d ;).:..5).:.9] «_i.u&n L;""'“\“‘Q(" A_v).u.u

u».aLo)T olBiwsd jo I yxo (6 S 5l 38 (gogzi A Sl
Fig. 9. Deployment of the actuator in the test setup
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Fig. 10. Silicon linear actuator behavior at different fiber angles a) fiber angle higher than 54.2 b) fiber angle lower than
54.2 ¢) The fiber angle is equal to 54.2.

SU G S pgbar Sl 50 sl S SsSekew a3 L -Y
o Syme Jsb (alS o az )0 OFIY I a8 sal; L &3l gl )Y
S8l s 4z 0 OFIY Sl o o sl 5 998 ee S o oS > b glaslgin] S e -V -V -Y

4, OFIY GLIL Jomy sasly 5o Some 09do0 Syzme Jsb s (langly (S e 90 4 SN Ltox saugly Giegh cnl yo
S e iy Sglis Ve JSE ol Job 2alS g Job (Bl e S e bl 5 e Jsb e b S sl a8 o azs L
s SUI oy Oglite sagly 4w o ) (bt Sl oS e (gl Az OFIY Lty asly a5 ol plas @l

Lovy



YOA b ¥OFD doao V¥ v Jlo A ojlasd Y 080 ¢ pusS yuol SOl wiins 4 puls

25 -
AP= 50 kPa »
*P= 100 kPa
15 - [~
mp= 150 kPa
E CER '
= 5 L 2 A
P
I AAaasaaa AR >
2 5
= ¢ ¢ u
= ’ i
¢ " ®m
-15 |
g N
25
0 10 20 30 40 50 60 70 80 90
Braided Angle (Degree)
0.2
AP=50kPa  eP=150kPa
0.15 u
mp= 100 kPa
£ 01 L 4
£ [~}
< 0.05 H o A
g §2 A
2 0 E
L U
£ .0.05 é
a7 A
o,
S 01 &
0.15
0.2 -
53.5 53.7 53.9 54.1 54.3 54.5 54.7 54.9

Braided Angle (Degree)

Silwdad gl (wlul g Gglite )LAS dw cod BUI Giamy 22915 come 52 (b3 (FeSabw S y0 Job puadd 510905 1) S
Fig. 11. Diagram of changes in actuator length by varying its fiber angle at three different pressures based on simulation
result
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Fig. 12. Simulation results for linear-torsional actuator at three different pressures a) diagram length change based on
fiber angle b) Diagram of the value of twisting based on the fiber angle.
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Fig. 13. Influence of the fiber angle on bending motion at constant pressure (70kPa)
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Fig. 14. Semi-cylinder bending actuator with 88-degree fiber angle a) Before applying air pressure. b) After applying
100 kPa air pressure
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Fig. 15. Practical evaluation diagram of linear actuators at 100 kPa inlet pressure
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Fig. 16: Comparison of practical results and simulation results for linear actuator at 100 kPa inlet pressure. The
continuous line represents the simulation results and the points represent the practical results
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Fig. 17. Experimental evaluation of linear-torsional silicon actuator with 45 degree fiber angle (cw) a) different actuator
views before applying pressure b) Different actuator views after applying pressure (50 kPa)

S5 5l o b 90 pled )3 1) S pzme Glea (Ao 5 ok S
Sl 0+ (53,5 (slyh L8 o o5 el ms g (L
S9> 5l 9 Cebe oy 4250 VA g Jsb (il e e IO
ol las

oAz sl b (oo b (GeSelew S e AIVA USCS
g Jd,e Al jo s g0 jo | o5 celusl gam 0 Ve LI
Lo g0 glow yo 1) Syze plod (o 5 Job peds VA SO
b Cod S5 Sl e S e Gal e oe (LA S 20 5l g
42,0 7Y 9 Job (l Bl je e o IV (JIly sS04 (635,9 Slso
Sl lid g5 s Feelooly, iy

—sbS S slp 225 5 Gileand @ VY S8
aglie mal JSulslS 00 (9995 Gl JLad Cod cdomy
5 S e g lle Ol sommanlis WA USE wleads

RUIW] P G Q‘ﬁ.a Lsod.;.mool..:‘;.i oV s

ez IS o b slalgiiles gloS e oy 2L, -Y-Y-Y

Az 29 b lalyinles (des (GoSilow S e VeSS
3 Golwad gam s aiiles a5 v o lid |y ax 0 AN S
Sl 0l o3 4z 2 VP JSubolS Ve e Lis

Lovy

5 OF/Y SUI oy sasly b slocs e 9 99800 Job oS
Jsb rasS Olie (pyin b oo Job il jlzs 4z 0 VO
VY Jolro a0 OF/Y SU ey g6l b Jas S e sl
oz g2y o @ Job et liee ol o5 ol ey i s
S Ghomn sty 50 S o> S yme (sileans ml
aS Conl 534y o3 a0 g lid 095 S Jeb s ax 0 OFIY
IS 50 a0 AD BLIN iomn sgly slp 228 (2U))) sams
A odslice Job ol s sl cpl jo .l sauid eols Lis VO
S e sl 225 @bl s Sileand @S Gl sgu>

Qlas V7 S o JKwbshS Ve o (s09,9 slgn jlid Cow o>

el 00l salo

—bF S Lol slaS o gy byl V=YY
SU oy by @l it (b oS e 025 (b))

Al bl o Foeluoly ga> 0 AD 5 70 DO ¥ o F el g4z ;0 O
S| iy sl b oty ol xSl S o IV IS5
VY S g Jd e clls o b g ol 0 Scele a0 TO



YOA+ b ¥OFD axbw NYe - JL.: A b)u QY 0y9d ;)....5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

99 33 Jlab et o 33 S e (1 5 Fcslooly (5453 o LI Girny sl3 b (ot b (SisScaboms S yn0 &5 1 (125 ()l MA S
95495 31 9 5US 31 slod 98 53 JBwl oS B+ (68959 Slgp Lid Cod’ ST 2 3l g I 2o (2 9 9549, 31 9 5US 31 slod
Fig. 18. Experimental evaluation of linear-torsional silicon actuator with 30 degree fiber angle (cw) a) different actuator
views before applying pressure b) Different actuator views after applying pressure (50 kPa)
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Fig. 19. Comparison of practical results and simulation results for linear-tortional actuator a) The amount of
displacement of the actuator head in terms of the fiber angle b) The amount of twisting of the actuator in terms of the
fiber angle. The continuous line represents the simulation results and the points represent the practical results.
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Fig. 20. Experimental evaluation of bending actuator with 88 ° fiber angle at 100 kPa input air pressure
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