-
‘d
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Coil Formation of a Silicone String Using UV—-0Ozone Treatment
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ABSTRACT: Microcoils are used in various mechanical devices. However, existing methods for producing microcoils from
polymers often require expensive equipment. In this study, microcoils were prepared using a cost-effective and simple method. The
material used was silicone, which is a biocompatible polymeric material. Silicone was solidified inside glass capillaries to form thin,
straight strings with a diameter of 140 ym. The string was then transformed to a coil shape by oxidation using UV—ozone treatment
while it was prestretched and pretwisted. The resilience force from the prestretching and pretwisting forces caused the string to bend
and twist, respectively. As a result of the combination of these deformation modes, a coil was formed. As an application of the coils,
an actuator was prepared, which repeatedly transforms between straight and coiled shapes. The actuation was caused by the

swelling/deswelling of silicone with hexane. A large strain of 54% was obtained.

B INTRODUCTION

Coil springs can be easily stretched, compressed, bent, and
twisted, even if the wire is made of a stiff material. This unique
property of the coils can be attributed to their configuration.
Therefore, small coils, i.e., on the order of millimeters to
nanometers, are widely used as springs,l actuators,”® flow
sensors,® strain sensors,” stretchable interconnects,® electro-
magnetic absorbers,” and artery embolization materials,®
among others. The materials used for the wire of such coils
include metals,” inorganic materials such as silicon'® and
carbon,"" synthetic polymers,'> biopolymers such as DNA,"
and even organism such as algae.14 Therefore, methods for
producing microcoils vary widely.

The methods for producing microcoils made of synthetic
polymers also vary. Two-photon polymerization is an example
of such a method; however, the apparatus needed for this
method is costly." If sodium alginate is used as the polymeric
material, wet spinning using microfluidic channels'® or syringe
needles'” is a relatively cost-effective method for obtaining
coiled fibers. Melt spinning is also used to produce coil-shaped
fibers using the difference in coefficients of the thermal
expansion between two polymers. Polymers with similar
viscosities and melting points must be selected in this
method."® Polymers molded into ribbon-like strips can roll
up to form a helical structure if the strip has a diagonal striped
pattern. This method incurs the cost of photomasks.'”
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Silicones, i.e., polydimethylsiloxane (PDMS) and its
derivatives, are soft and highly biocompatible. Therefore,
they are promising for the biomedical applications of
microcoils. Three-dimensional silicone microstructures can
be produced using digital laser engraving” and laser direct
writing.”' However, these methods require expensive equip-
ment. In this study, we developed a cost-effective process for
producing silicone microcoils through molding in glass
capillaries and UV—ozone treatment. The surface of a PDMS
sheet can be oxidized by UV—ozone treatment™” or chemical
treatment™ to form a silica-like hard layer. If the sheet is
prestretched, then its contraction after the treatment induces
wrinkles because the surface layer is less elastic than the
underlying PDMS sheet.”* Therefore, in this study, a similar
method was applied to PDMS strings to form a coil shape.
Furthermore, actuators were prepared using the transformation
between the coil and straight shapes.
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B EXPERIMENT

Materials. Glass capillaries were purchased from Hirsch-
mann Laborgerate (Eberstadt, Germany). The inner diameter
and length were 0.14 and 32 mm, respectively. Silicone
prepolymer (KE-103) and curing agent (CAT-103) were
acquired from Shin-Etsu Chemical (Tokyo, Japan). Zinc oxide
power (particle size: up to S um), 1,1,1,3,3,3-hexamethyl-
disilazane (HMDS), 3-aminopropyltrimethoxysilane
(APTMS), and brilliant blue FCF were obtained from Fujifilm
Wako Pure Chemical (Osaka, Japan).

Preparation of Silicone Strings. The silicone prepolymer
(KE-103), curing agent (CAT-103), and zinc oxide powder
were mixed together in a mass ratio of 100:5:20. Zinc oxide
powder was used to make the transparent silicone white in
order to facilitate optical microscope observations. This
mixture was degassed under vacuum. Glass capillaries, which
were pretreated with HMDS vapor at room temperature for 3
days, were placed in an aluminum foil cup, into which the
mixture was poured and degassed again under vacuum for 30
min (Figure 1a). After the cup was stored at room temperature
for 3 days to solidify the mixture, it was immersed in acetone
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Figure 1. Experimental procedure for preparing silicone coils. (a)
Silicone prepolymer was solidified in a cup made of aluminum foil
with a capillary. (b) Silicone inside the capillary was swollen with
acetone. (c) A silicone string was drawn out of the capillary. It was
(d) fixed on glass chips and (e) prestretched and pretwisted before
UV—ozone treatment. (f) While one side of the string was masked
with lead from a mechanical pencil, the string was oxidized using
UV—ozone treatment and finally released from the glass chips to form
a coil.

for 2 h to soften the solidified silicone. The capillaries were
collected by removing the silicone attached outside the
capillaries. The silicone inside the capillary, which slightly
protruded from the end of the capillary due to swelling with
acetone (Figure 1b), was drawn out using tweezers. To make
this process easier, drawing was carried out while the capillary
was soaked in methanol. The obtained silicone string, whose
diameter and length were 0.14 and 32 mm, respectively, was
dried in air at room temperature (Figure 1c).

Production of Silicone Coils via UV—Ozone Treat-
ment. Two glass chips and a spacer were prepared from glass
slides. The glass slide surfaces were roughened using an
abrasive (Fuji white alumina WA220; Fuji Manufacturing,
Tokyo, Japan) because the silicone strings tend to stick to
smooth surfaces (Figure 1d). To straighten the silicone string,
it was carefully placed on two aligned chips and a spacer
(Figure Sla, Supporting Information). Both ends of the string
were fixed to the chips using an adhesive. Before the UV—
ozone treatment, the string was prestretched and pretwisted
(Figure le). The stretching ratio (I — Iy)/I, was 0.75, where [,
and [ are the original and stretched string lengths, respectively
(Figure S1b). The string was pretwisted clockwise (typically
three times), which meant that the string would be twisted
counterclockwise by the resilience force of the material after
the string was released. As shown in Figure 1f, the glass chips
were fixed on a sample holder, and lead from a mechanical
pencil (0.3 mm thickness, C273-HB, Pentel, Tokyo, Japan)
was attached to the string using a small amount of starch paste
to mask one side of the string during the UV—ozone treatment
(Figure Slc).

The UV—ozone treatment was carried out for 90 min using
a UV—ozone cleaner (PC440, Meiwafosis, Tokyo, Japan). The
sample holder was then immersed in water to remove the lead
by solvating the starch paste. The string was removed from the
holder by cutting both ends of the string, which meant that the
string was released from prestretching and pretwisting. Thus, a
coil was formed.

Staining of the Oxidized Portion of the Silicone Coil.
The silicone coil was immersed in a mixture of APTMS,
methanol, and distilled water in a mass ratio of 2:20:1 at room
temperature for 20 min and then washed with methanol.”® It
was then soaked in a solution of a blue dye (brilliant blue FCF,
methanol, and 1 M hydrochloric acid in a mass ratio of
1:400:1) at room temperature for 20 min, washed with
methanol, and dried in air. Only the portion oxidized by the
UV—ozone treatment was stained blue.

Microscopic Observation of the Silicone Coils. The
coils were observed using a digital microscope (VHS-2000,
Keyence, Osaka, Japan).

B GEOMETRICAL CONSIDERATION

A coil wrapping an n-gonal prism is considered. Figure 2a
shows the case when n = 6. The diameter and pitch are 24 and
p, respectively. To produce the coil, a straight string is first
bent at equally spaced points at the same bending angle, 0,
followed by twisting around each side with the same torsion
angle ¢ (Figure 2b). The spacing, e.g., A'B’, is the same as the
length AB along the coil:

2 2
AB = \/4a2(sin1) + (ﬁ) — AB=BC=..
n n (1)
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Figure 2. Theoretical model of coil formation. (a) The string shown as a red line wraps an n-gonal prism (n = 6). (b) The string is first bent at
equally spaced points, followed by twisting around each side to form a coil. (c) The curved string forms a coil by being twisted (n = o0).

The bending angle ZA'B’C’ is the same as the angle ZABC
along the coil:

0=+ A'B'C'= «£ABC
! —4a2(sin:>2(cc2>s 27”) —2 (f)z
4a2<sin§) + (5) Q)

The torsion angle, such as the angle around BC, is expressed as
follows because it is the same as the angle formed by normal
vectors of the plane containing A, B, and C and the plane
containing B, C, and D:

2 2
(E) cos i + az(sinz—”)
-1 n n n
2 2
» 22~
(n) +a (smn) 3)

When 7 tends to infinity, the twist angle per unit length T is
expressed as

@ = cos

@ 2mp

n~co AB - (27a)” + p )

When 7 tends to infinity, the radius r of the circle passing
through A’, B’, and C’ is written as

2
A'B’
r = lim 9=a1+(i)
n= 2 cos S 2rma ()

From eqgs 4 and §, the following equations are obtained:

r

a=—"
1+ T (6)

_ 27T
R (7)

Therefore, when a coil is produced by twisting a curved string
(Figure 2c), the radius and pitch are predicted using eqs 6 and
7.

B RESULTS AND DISCUSSION

Formation of Coils. UV—ozone treatment oxidizes the
surface of silicone elastomers and forms a thin silica-like
layer.”” The lamp of UV—ozone cleaners typically emits light
of two wavelengths, i.e, 185 and 245 nm. The 185 nm light
generates ozone from the oxygen in the air, whereas the 254
nm light decomposes the generated ozone.”® Atomic oxygen,
which can effectively oxidize the silicone, is generated as an
intermediate during both the formation and decomposition
processes. UV light at 185 and/or 245 nm also dissociates
chemical bonds in the silicone. These effects generate a silica-
like material that is less elastic than the underlying unmodified
silicone. Therefore, if a silicone film is stretched during the
UV—ozone treatment and is thick enough, wrinkles form on
the surface by removing the stretching. However, if the film is
thin, it will bend after the release for the same reason.

The silicone string prepared in this study was thin (0.14 mm
in diameter). During the UV—ozone treatment, the string was
prestretched, and the lead of a mechanical pencil was glued to
one side of the string to protect it from oxidation. After the
UV—ozone treatment, the string was released from the
prestretching and stained blue on the oxidized portion of the
surface. The UV—ozone treatment bent the string facing the
oxidized portion outward (Figure 3a—d), as expected owing to
the less elastic nature of the oxidized surface.. Note that in this
case the string is not pretwisted.
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Figure 3. Optical images of coils whose oxidized portion was stained
blue. The UV—ozone treatment was performed (a—c) without and
(d) with pretwisting [(a and b) top view; (c) side view]. The
pretwisting angles per unit length (rad cm™) were varied as (e) 7, (f)
27, (g) 37, and (h) 4x.

The staining mechanism can be explained as follows.
Because of the UV—ozone treatment, silanol groups are
generated on the silicone surface,”” and APTMS reacts with
them. The amino groups of APTMS can act as adsorption sites
for the acid dye (brilliant blue FCF). Thus, only the oxidized
portion was stained.

When the strings were prestretched and pretwisted before
the UV—ozone treatment, coils were formed during the release
after the treatment (Figure 3e—h). The oxidized portion of
these coils faced outward in all cases. The coil formation
mechanism is schematically illustrated in Figure 4. One side of
the prestretched and pretwisted silicone string was oxidized
using UV—ozone treatment (Figure 4a—c). As described in the
Geometrical Consideration section, both bending and twisting
are needed to form a coil. As shown in Figure 4d, bending is
caused by shrinkage from releasing the string. Simultaneously,
twisting is induced by the resilience force from the pretwisting.
If the pretwisting is clockwise, the twisting is counterclockwise.
As a result of bending and twisting, the string formed a coil
shape (Figure 4e).

The twist angle per unit length T, which was calculated
from the radius and pitch of the obtained coils using eq 4, was
plotted against the pretwist angle per unit length T .quig
(Figure S, line (a)). Ty was slightly smaller than Ty

The factor f, defined as Tt/ Tpretwisy Was 0.88, suggesting that
the shear strain caused by the pretwisting was not completely
removed by the release because the oxidized portion
comprised a silica-like rigid material.

On the basis of the geometrical consideration of coil
formation, the coil radius a and pitch p can be predicted using
the radius of curvature r of the curved string prepared without
pretwisting (Figure 3a). From eqs 6 and 7, a and p were
calculated and compared with those of coils actually prepared
(Figure 3cie—h). Here, Ty, was obtained by multiplying
Tpretwisy Which was calculated on the basis of the times of actual
pretwisting by the factor (f = 0.88). As shown in Figure 6a,b, a
and p were roughly consistent with the prediction. Measured
values of a and p are scattered because the gluing of the lead to
the silicone string was likely inhomogeneous. However, we can
speculate that the accuracy of the masking was not poor on the
basis of the microscope images of the side view of the coils
(Figure 3e—h). In every figure, the area of the inside surface of
the coils is only white whereas that of the outside surface is
only blue, indicating that half of the surface was oxidized in
every experiment.

When the lead was not used during the UV—ozone
treatment, coils with a more homogeneous pitch and radius
were obtained (Figure 7). The factor f was 0.51 (Figure S, line
(b)), indicating that approximately half of the pretwisting
strain remained in the coil. The atomic oxygen generated
during the UV—ozone treatment migrated to the back side of
the silicone string and oxidized its surface to some extent,
which was confirmed by staining the coils. Because both the
front and back sides of the string were oxidized and thus
hardened, the resilience from the pretwisting was incomplete.
The pitch and radius of the coils were predicted from T, and
r using eqs 6 and 7 (Figure 6c,d), which seem to be roughly
consistent with the dimensions of the experimentally obtained
coils. As these equations show, the prediction is sensitively
dependent on r, and the inaccuracy of the measured r could be
responsible for the difference between the prediction and the
actual measurements.

The effect of the diameter of the silicone strings on the
radius a and the pitch p of the coils was explored (Figure S2,
Supporting Information). When the pretwist angle (37 rad
cm™!) and the duration of the UV—ozone treatment (90 min)
were constant, both the radius and the pitch increased with the
diameter. The reason these results were obtained can be
explained as follows: As mentioned previously, the lower
elasticity of the UV—ozone-treated surface layer, compared
with that of the untreated foundation, causes bending of the
string. Therefore, when a string with a larger diameter is used,
the contribution of the surface layer is smaller, resulting in a
smaller bending curvature. This means that the radius of
curvature r in eqs 6 and 7 increases with the diameter. Because
r*T* was considerably smaller than 1 under the conditions used
for preparing the coils, if approximation 1 + r*T> ~ 1 holds,
then these equations predict that a and p increase with the
diameter, which is consistent with the experimental results.

The effect of the duration of the UV—ozone treatment was
also explored (Figure S3, Supporting Information). Consider-
ing that this duration would affect both the radius and the
pitch in a complicated manner, the coils should be prepared
without pretwisting so that the pitch can be neglected
(theoretically p = 0, see eq 7). The results demonstrate that
the bending curvature increased with the duration, suggesting
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Figure 4. Schematic of the mechanism of coil formation using UV—ozone treatment. The silicone string is (a) prestretched, (b) pretwisted
clockwise, and (c) one side of the string is oxidized using UV—ozone treatment. (d) By releasing the string from the prestretch and the pretwist, it
shrinks and bends with the oxidized portion facing outward. Simultaneously, it twists counterclockwise owing to the resilience of the prestretch. (e)

As a result of the bending and twisting, the string forms a coil shape.
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Figure S. Relationship between the pretwist and twist angles per unit
length, Tpyeni and Ty During the UV—ozone treatment: (a) lead
from a mechanical pencil as a mask was glued to the silicone string
and (b) no masks were used.

that the oxidized layer became thicker and/or harder. Thus,
the curvature was controlled by varying the duration.

In the above studies, zinc oxide powder was added to
silicone to obtain white coils, which were easy to observe using
optical microscopy. The addition of zinc oxide powder did not
significantly affect the radius and pitch of the silicone coils, as
shown in the data obtained using transparent coils (Figure S4,
Supporting Information).

The method for preparing the silicone coils is also applicable
to polyurethane. A polyurethane elastomer string (~40 ym in
diameter, Operon, purchased from CENFILL, Kumamoto,
Japan) was prestretched (75%) and pretwisted (37 rad cm™),
followed by UV—ozone treatment for 90 min to obtain a coil

O 1 1 0 1 1
0 5 10 15 0 5 10 15
lewst (rad Cm'1) Ttwisl (rad Cm—1)

itx
O 1 1 O L = 1 1
0 5 10 15 0 5 10 15
Tiwist (rad cm) Towist (rad cm™™)

Figure 6. (a and c) Coil radius a and (b and d) coil pitch p plotted
against twist angle T The solid lines show values calculated on the
basis of eqs 6 and 7. For (a) and (b), the prepared coils are shown in
Figure 3. For (c) and (d), they are shown in Figure 7. The error bars
represent the standard deviations.

(Figure SS, Supporting Information). The treatment seemed to
cause polyurethane to lose elasticity; nevertheless, we are now
planning to explore the chemical aspects of the treatment and
the mechanism of coiling.

Application of Silicone Coils as Actuators. The basic
properties of the silicone coils as actuators were measured. The
actuation mechanism utilized the swelling of the silicone with

11367 https://doi.org/10.1021/acsomega.2c00475
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Figure 7. Optical images of coils prepared using the UV—ozone
treatment without masks. The pretwist angles per unit length are (a)
0, (b) =, (c) 27, (d) 3z, (e) 4z, and (f) Sz (rad cm™).

hexane. The coil (original length L) was stretched when
immersed in hexane (stretched length L,.) (Figure 8a).

(c) (d)
25, 25
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Figure 8. Silicone string in (a) hexane and (b) air. Change in length
of the string (c) when the string was repeatedly moved between the
hexane and air environments and (d) when the string swollen with
hexane was moved to the air environment.

However, the original coil shape was recovered by placing the
coil in air (Figure 8b). The strain during contraction [(Ly., —
Lyi)/Liey] was 54%. The actuator had a coil shape, which was
responsible for the apparent large strain. The stretching and
coiling of the actuator could be repeated more than 10 times
without a significant decrease in strain (Figure 8c). The
response time was ~7 s (Figure 8d), which was relatively quick
in comparison with typical hydrogel actuators which use the
volume change between swelling and deswelling because the
silicone string was very thin (0.14 mm in diameter).”® The
mass of the coil was ~0.8 mg, and the weight attached at the
bottom end was 1.9 mg. Thus, the actuator could lift a weight
of more than twice its own weight. Similar actuation was also

observed without the weight, although measuring the coil
length in hexane became more time-consuming because the
actuator floated for a long time in hexane.

Table 1 summarizes the properties of the actuator and
biological muscles. The coil actuator showed strain comparable

Table 1. Properties of the Silicone Coil Actuators and
Biological Muscles

property silicone coil actuator  biological muscle
strain (%) 54 50
stress (kPa) 1.2 500
apparent density (g cm™) 0.09” ~1°
strain rate (% s™') 7.7 >50°
modulus (MPa) 10—60° 6.5 x 1075%

“Reference 29. "The density and modulus were calculated from a
circular column circumscribing the coil. “Reference 30.

to that of typical biological muscles, although the stress was
much smaller than that of such muscles. The apparent density,
which is the mass of the coil divided by the volume of a circular
column circumscribing the coil, was small, indicating that the
actuator was light. The strain rate was not very slow compared
to that of typical biological muscles. The modulus, which was
calculated using the spring constant of the coil (9.4 uN mm™,
see Figure S6 in the Supporting Information), was considerably
smaller than that of biological muscles. Because the coil
actuators were made of silicone, they seemed to be applicable
in the field of miniaturized soft robotics in biomedical
applications.

In biological applications, the ability to resist acidic and basic
environments is important. This ability was tested as follows.
At room temperature, the silicone coils were immersed in
aqueous solutions of hydrochloric acid and sodium hydroxide
for 24 h. Then, the coils were washed with distilled water and
observed using a digital microscope (Figure S7). In the acidic
environment, the coil shape was retained, although moderate
deformation was observed. Pitches were increased by 19 and
26% for 1 M HCl and pH 3 solutions, respectively. In the basic
environment with pH 11, the pitch was increased by 63%,
indicating that the coils were more unstable under basic
conditions. Thus, the coil shape was retained under normal
biological conditions, although it was moderately deformed.
However, in a 1 M sodium hydroxide solution, complete
uncoiling occurred, suggesting that the silica-like layer formed
by UV—ozone treatment was dissolved in a strongly basic
solution.

B CONCLUSION

Silicone strings with a diameter of 140 um were prepared by
solidifying the silicone prepolymer inside a glass capillary. The
strings were transformed to microcoils through oxidation by
UV—ozone treatment while the string was prestretched and
pretwisted. The oxidized portion faced outward, as confirmed
by coil staining. The pitch and diameter of the coils were
controlled by the pretwisting angles, which were also
understood using geometrical considerations. Because the
inner diameter of glass capillaries can be reduced to
submicrometer size with current te«:hnologies,31 in the future,
the size of the coils is expected to be much smaller than those
demonstrated herein. As an application of the coils, an actuator
with a large strain was prepared, which could repeatedly
transform from a coil to a straight shape using swelling/
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deswelling with hexane. Thus, actuators with a coil shape
exhibit a large stroke. Silicone was used as a highly
biocompatible material. Therefore, the coil is expected to be
used in the biomedical microrobotics field in the future.
Although the material used in this study was a composite of
zinc oxide powder in a silicone matrix, various functionalities,
such as the electrical conductivity and magnetic field response,
are expected when other powder materials are used.’””*”
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