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This paper introduces a novel geometry for a pure-twisting soft morphing actuator that improves the stability of the actuator and allows
it to obtain a larger twisting angle. The smart soft composite (SSC) actuator uses pair of NiTi shape memory alloy (SMA) wires
embedded in a cross-shaped polydimethylsiloxane (PDMS) matrix at constant and opposite eccentricity across the cross-section in
opposite directions in order to produce a twisting motion. To evaluate the twisting performance of the cross-shaped actuator, specimens
with rectangular cross-sections and cross-shaped cross-sections are made and their twist angles are measured and compared. Results
show that the cross-shaped actuator is capable of a higher twisting rate by using a thinner flange due to a more stable twisting motion.

1. Introduction

Shape memory alloy (SMA) materials are capable of changing their
shape and their mechanical properties due to their unique
thermomechanical properties resulting from the shape memory effect
inherent to this type of material. By mechanical loading, the material is
brought from a twined martensite state to a detwined martensite, but is
capable of recovering their shape when transforming to an austenite
phase through thermal loading. The recoverable pre-strain of this type
of material is about 4 to 5 percent of their initial length, but by
embedding SMA elements within a soft matrix it is possible to produce
a continuous large deformation of the matrix.'

Soft morphing actuators do not need any type of external source of
actuation and are thus a good choice as a compact and lightweight
actuator in critical applications. They have been used in morphing
applications such as morphing wings” in order to increase performance,
control and fuel efficiency of unmanned aerial vehicles (UAV).
However, limitations exist in terms of performances and modes of
actuation.

This type of actuator was first proposed in 1992 by Lagoudas and
Tadjbakhsh where SMA fibers were embedded in a flexible rod.’
Bending actuators with embedded SMA elements have been proposed
by Icardi,* Wang and Shahinpoor,” Sun and Sun® and Choi and Lee.’
Wang et al.® and Zhou and Lloyd® showed that a softer matrix leads to

© KSPE and Springer 2014

Manuscript received: March 7, 2014 / Revised: March 18, 2014 / Accepted: March 18, 2014

larger deflection while the latter also showed that a thinner matrix leads

1.'° used alternated harder and softer

to a higher deflection. Ryu et al
sections to increase the deflection of the actuator. Jung et al.'' showed
that a thinner structure along with higher SMA eccentricity leads to a
higher deflection of the actuator.

Spinella et al.'? and Paik et al."* developed twisting actuators with
externally embedded SMA elements. However, Kim et al.'* were the
first to realize a large twisting deformation of a structure through
embedded SMA wire, but this twisting motion was coupled to a
bending deflection.

In this work, a smart soft composite (SSC) twisting actuator with a
cross-shaped cross-section is presented and compared to rectangular-
shaped actuator with the same actuation mechanism. The cross-shaped
cross-section allows the use of a thinner matrix which leads to a higher
twisting angle. The design, fabrication method, model and results of the
rectangular shaped actuator and a cross-shaped actuator are presented

and compared.

2. Actuator Design and Experimental Set Up
This actuator functions by having two SMA wires at an angle within

the matrix at opposite eccentricity which create a twisting force around

a center of rotation and negate the bending moment created by using

@ Springer
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Fig. 1 Configuration of the rectangular twisting actuator
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Fig. 2 Configuration of the cross-shaped twisting actuator

Fig. 3 Experimental setup for the twisting angle

a single SMA wire. Two types of actuators are used in this paper, the
first is with a rectangular cross-section and the second is with a cross-
shaped cross-section. Fig. 1 shows the configuration of the rectangular
actuator and Fig. 2 shows the cross-shaped actuator with the
dimensional variable being labeled as “a” in both figures. Molds are
manufactured by pouring polydimethylsiloxane (PDMS) in an

acrylonitrile butadiene styrene (ABS) mold manufactured by rapid
prototyping (RP) with holes used to position the SMA wires
(FLEXINOL from Dynalloy, Inc., NiTi) which are pre-strained and
fixed. The mold is removed after curing of the assembly at a
temperature below the martensite transformation temperature.

Throughout this paper, the width will be referred as being in the X
direction, the thickness as being in the Y direction and the length as
being in the Z direction.

The actuator is fixed at one end with the length being in the vertical
position, the actuator is actuated through joule heating of the SMA
wires until no further movement can be detected visually. The twisting
angle is then measured by taking the angle between the fixed end and
the free end. The experimental setup is shown in Fig. 3, where the
twisting angle is measured about the Z axis.

3. Model

Equation 1 is used to predict the twisting angle of each actuator where
@is the twisting angle, T'is the twisting force, L is the length of the actuator,
J is the torsion constant and G is the shear modulus of PDMS (0.61 MPa).

I

e Q)

T is calculated using Equation 2 which calculates the twisting force
produced by the components of the forces in X of both SMA wires
about the center of rotation. /,,,, and w,,, are respectively the length and
width of the matrix, #, is the distance in Y between the two SMA
wires and Fgyy, is the maximum pull force of the SMA wire (5.586N)
as described by the manufacturer.'

!
M= FSMAtSMAcos(tan ! mat )
Wma
J is calculated using Equation 3 for the rectangular actuator where
twa 1S the thickness of the matrix and using Equation 4 for the cross-
shaped actuator where g, is the thickness of the flanges.

4
3 1 tm w
Jretz = tmazwmaz[g_()lll[l _+al ] 3)
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4. Results

Rectangular actuators with a length and width of 100.0 mm by
10.0 mm were built with varying thicknesses. Three samples were built
for each thickness of 10.0 mm, 8.0 mm, 6.0 mm, 4.0 mm, 3.0 mm,
2.5mm, 2.0 mm and 1.5 mm. Due to the thin matrix, the actuators with
thicknesses of 1.5 mm and 2.0 mm produced too much bending to have
a measurable twisting angle. Results for the other samples are shown in
Fig. 4 with the results of the model shown as a dashed line.

Results show that the twisting angle is much lower than that predicted
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Fig. 4 Twisting angles for rectangular actuators with different matrix
thicknesses

Fig. 5 Failure of a rectangular actuator with a 2 mm thickness due to
bending of the actuator

by the model. This is due to bending of the matrix during actuation which
reduces the twisting angle. As the matrix gets thinner, larger bending of
the matrix is observed and bending becomes the main mode of actuation
in the case of the actuators with matrix thicknesses of 2.0 mm and
1.5 mm. This is due to the force of the SMA acting in the Z direction of
the actuator being too large for the actuator to sustain due to a low
moment of inertia (/yy) in the Y direction. This results in bending of the
actuator as shown in Fig. 5.

Actuators with a cross-shaped cross-section with a length of
100.0 mm, overall cross-section dimensions of 10.0 mm by 10.0 mm and
variable flange thicknesses were built. The thickness of all four flanges
are equal in order to obtain Iyy = Iyx Samples were built with flange sizes
of 4.0 mm, 3.5 mm, 3.0 mm, 2.5 mm, 2.0 mm and 1.5 mm. Results are
shown in Fig. 6 with the results of the model shown as a dashed line.

Results show that the actuator was capable of producing a stable
twisting motion for all flange thicknesses with the maximum twisting
angle being produced by the actuator with a flange thickness of 2.0 mm
with 1.5 mm producing a similar twisting angle. At lower flange
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Fig. 6 Twisting angles for cross-shaped actuators with different flange
thicknesses

thicknesses, the reduction in torsion constant J is balanced by the
reduction in distance between the SMA wires fgy, resulting in a
reduction of the twisting angle.

When the matrix thickness of the rectangular actuator and the flange
thickness of the cross-shaped actuator are equal, the torsion constant (J)
is higher for the cross-shaped actuator. However, the bending of the
matrix of the rectangular actuator diminishes its performance such that
the twisting angle is similar for both actuators with the same flange and
matrix thickness. Furthermore, the higher stability resulting from having
Iy = Iyy allows for a thinner flange thickness than that allowable for a
rectangular actuator of the same thickness. This results in a larger
maximum possible twisting angle for a cross-shaped actuator of a certain
length and width than that of a rectangular actuator with the same length
and width. Thus, the maximum angle of the cross-shaped actuator was
81.05 degrees versus 56.4 degrees for the rectangular actuator.

5. Conclusion

In this work, a novel geometry for a pure-twisting soft morphing
actuator was developed in order to obtain a larger twisting angle. This
geometry increases the stability of the actuator which allows for a thinner
matrix resulting in a larger twisting angle. Samples were built for a
rectangular cross-section and a cross-shaped cross-section with varying
geometry thicknesses. Results showed that the rectangular shaped
actuator failed when the matrix was too thin due to large bending of the
actuator. However, the cross-shaped actuator was able to remain stable
for flange thicknesses as thin as 1.5 mm. Thus, the maximum angle of the
cross-shaped actuator was 43 percent higher than that of the rectangular
shaped actuator for the width and length used in this experiment.

ACKNOWLEDGEMENT

This research was supported by the Converging Research Center
Program through the Ministry of Science, ICT, and Future Planning,



156 / APRIL 2014

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY Vol. 1, No. 2

Korea (No. 2013K000371), the National Research Foundation of
Korea(NRF) grant funded by the Korea government (MEST) (NRF-
2010-0029227), the Brain Korea 21 Plus Project in 2014 and by a grant
to Bio-Mimetic Robot Research Center funded by Defense Acquisition
Program Administration (UD130070ID).

REFERENCES

10.

Ahn, S. H,, Lee, K. T., Kim, H. J., Wu, R., Kim, J. S., and Song, S.
H., “Smart Soft Composite: An Integrated 3D Soft Morphing
Structure using Bend-Twist Coupling of Anisotropic Materials,” Int.
J. Precis. Eng. Manuf., Vol. 13, No. 4, pp. 631-634, 2012.

Barbarino, S., Bilgen, O., Ajaj, R. M., Friswell, M. 1., and Inman, D.
J., “A Review of Morphing Aircraft,” J. Intell. Mater. Syst. Struct.,
Vol. 22, No. 9, pp. 823-877, 2011.

Lagoudas, D. and Tadjbakhsh, I., “Active Flexible Rods with
Embedded SMA Fibers,” Smart Mater. Struct., Vol. 1, No. 2, pp.
162-167, 1992.

Icardi, U., “Large Bending Actuator Made with SMA Contractile
Wires: Theory, Numerical Simulation and Experiments,” Compos.
Part B-Eng., Vol. 32, No. 3, pp. 259-267, 2001.

Wang, G. and Shahinpoor, M., “Design, Prototyping and Computer
Simulations of a Novel Large Bending Actuator Made with a Shape
Memory Alloy Contractile Wire,” Smart Mater. Struct., Vol. 6, No.
2, pp- 214-221, 1997.

Sun, G and Sun, C. T, “Bending of Shape-Memory Alloy-
Reinforced Composite Beam,” J. Mater. Sci., Vol. 30, No. 22, pp.
5750-5754, 1995.

Choi, S. and Lee, J. J., “The Shape Control of a Composite Beam
with Embedded Shape Memory Alloy Wire Actuators,” Smart
Mater. Struct., Vol. 7, No. 6, pp. 759-770, 1998.

Wang, Z., Hang, G, Wang, Y., Li, J., and Du, W., “Embedded SMA
Wire Actuated Biomimetic Fin:
Underwater Propulsion,” Smart Mater. Struct., Vol. 17, No. 2, Paper
No. 025039, 2008.

a Module for Biomimetic

Zhou, G and Lloyd, P., “Design, Manufacture and Evaluation of
Bending Behaviour of Composite Beams Embedded with SMA
wires,” Compos. Sci. Technol., Vol. 69, No. 13, pp. 2034-2041,
2009.

Ryu, J. H,, Jung, B. S, Kim, M. S., Kong, J. P., Cho, M. H., and
Ahn, S. H., “Numerical Simulation of Hybrid Composite Shape-
Memory Alloy Wire-Embedded Structures,” J. Intell. Mater. Syst.
Struct., Vol. 22, No. 17, pp. 1941-1948, 2011.

. Jung, B. S, Kong, J. P, Li, N. X., Kim, Y. M., Kim, M. S., Ahn, S.

H., and Cho, M. H., “Numerical Simulation and Verification of a
Curved Morphing Composite Structure with Embedded Shape
Memory Alloy Wire Actuators,” J. Intell. Mater. Syst. Struct., Vol.
24, No. 1, pp. 89-98, 2012.

12.

14.

15.

Spinella, 1., Scir¢ Mammano, G., and Dragoni, E., “Conceptual
Design and Simulation of a Compact Shape Memory Actuator for
Rotary Motion,” J. Mater. Eng. Perform., Vol. 18, No. 5-6, pp. 638-
648, 2009.

. Paik, J. K., Hawkes, E., and Wood, R. J., “A Novel Low-Profile

Shape Memory Alloy Torsional Actuator,” Smart Mater. Struct., Vol.
19, No. 12, Paper No. 125014, 2010.

Kim, H. J., Song, S. H., and Ahn, S. H., “A Turtle-Like Swimming
Robot using a Smart Soft Composite (SSC) Structure,” Smart Mater.
Struct., Vol. 22, No. 1, Paper No. 014007, 2013.

Dynalloy, Inc., “FLEXINOL® Actuator Wire Technical and Design
Data,” http://www.dynalloy.com/TechDataWire.php.html (Accessed
30 Oct. 2013)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [72 72]
  /PageSize [612.000 792.000]
>> setpagedevice


