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Abstract: Metals and glass are excellent for containing electrolytes and liquids in general, but their
rigid mechanics limits their application for mechanically active ionic actuators or flexible/ stretchable
electrochemical devices such as batteries and supercapacitors. In this study, we evaluate the
performance of spray-coated poly (styrene-block-isobutylene-block-styrene) (SIBS) as a stretchable
encapsulant, which suggests that it offers a better combination of compliance and impermeability
than any other barrier. We examined the drying time of 360-µm thick encapsulated tri-layer
conducting polymer (CP) actuators, comprised of poly(3,4-Ethylenedioxythiophene) (PEDOT) as
the CP electrode and an interpenetrated polymer network of polyethylene oxide (PEO) and nitrile
butadiene rubber (NBR) as the separator layer, which operates with a 1 M solution of Lithium
bis(trifluoromethanesulfonyl)imide (Li+TFSI−) in propylene carbonate (PC). A 100-µm thick SIBS
encapsulation layer is anticipated to help these devices to retain 80% of stored PC for more than
1000 times longer compared to when there is no encapsulation (from less than 0.5 days to over 1.5 years).
This low permeability combined with the low Young’s modulus of the SIBS film, its biocompatibility,
biostability, and FDA approval, as well as ease of fabrication, make this thermoplastic elastomer
a promising candidate as an encapsulant for flexible ionic devices such as flexible batteries and
supercapacitors, ionic-electrode capacitive sensors, and ionically electroactive actuators. This paves
the way for using these devices in implantable and in vivo applications.
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1. Introduction

Ionic devices such as electroactive polymer actuators and sensors [1–5], batteries and
supercapacitors [6,7], electrochromic displays [8], and organic electrochemical transistors [9] have
attracted attention in recent decades due to their novel capabilities, mechanical flexibility, light weight,
and easy manufacturing. Operation of these devices is based on electrical modulation of the properties
of the active element of the device such as its conductivity, volume, or color by controlling the
density of ions. These devices, being ionically electro-active, require an ionic medium to operate.
The ionic medium can be a solution of a salt in a solvent such as water or propylene carbonate
(PC) or an ionic liquid such as l-Ethyl-3-methylimidazolium bis- (trifluoromethylsulfonyl)-imide
(EMITFSI). Ionic liquids are typically non-volatile and have demonstrated durable operation in
the open air [10]. However, their ionic conductivity is not any high compared to that of aqueous
electrolytes. Therefore, the use of solvent-based electrolytes is still favorable in some applications.
For solvent-based electrolytes, the solvent evaporates over time since the device is operated in air,
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which causes its performance to vary. Hence, encapsulation of the entire device is needed to address
this issue [1–4,11]. Moreover, in some applications where the device is required to work in a liquid
environment other than its electrolytes, such as in water or blood, if the device is not well protected
against its environment, ions and solvent will leave the device over time and will be substituted by
the environment molecules [1,2]. The encapsulating layer can also serve as a protection against the
escape of hazardous electrolytes for applications where direct user interactions are involved, such as
biomedical devices [12,13] and tactile interfaces [14].

Among different types of ionic devices, encapsulation of ionic bending actuators such as tri-layer
conducting polymers [1,2], Bucky gels [15], and ionic polymer metal composites (IPMCs) [3,4] is the
most challenging since they are typically soft, and the mechanical properties of the encapsulating
layer can significantly alter their performance. An encapsulating material for these actuators should
be (1) a good barrier that limits the exchange of molecules with the environment, (2) flexible enough
to not prevent the bending, (3) able to be deposited under conditions compatible with the materials
that the device is made of, and (4) stable over the lifetime of the device in its operation and storage
environments. The effectiveness of the encapsulating layer for ionic bending actuators have been
mostly evaluated by measuring the change in the device’s displacement during cycling in air or water.
S. Kim et al. [3] showed an improvement in the operation lifetime of IPMC actuators with water as the
electrolyte’s solvent 22 times (from 6.5 min to 2.5 h) by encapsulating them with 1.5 µm thick Parylene
C. Hong Lei et al. [4] showed that, by increasing the thickness of Parylene C to 25 µm, the operation
lifetime of ionic polymer metal composite (IPMC) sensors can be further improved. However, Parylene
C has a large Young’s modulus (~3 GPa [16]), which, as discussed in Appendix A, significantly limits
the flexibility of the device and reduces the extent to which the device can bend. Hence, this approach
might not be suitable if the device is used as an actuator. Additionally, its low-pressure deposition
requirement (<100 mTorr [3]) is generally not compatible with the wet ionic devices, especially if
the ionic element expands since it uptakes electrolytes (which is the case for most solid polymer
electrolytes (SPEs), and can lead to rupture of the coating). Jaakson et al. [11] tried different polymers
to encapsulate a 150-µm thick polypyrrole (PPy) tri-layer conducting polymers with polyvinylidene
fluoride (PVDF) as the separator and containing a 1 M solution of Li+TFSI− in PC as the electrolyte.
They showed that hot-rolled commercially available parafilm sheets (70 µm thick) and spray-coated
Polyvinylidene chloride (PVDC) (63 µm thick) provide better performances compared to dip-coated
polydimethylsiloxane (PDMS) (82 µm thick) in terms of the actuators’ displacement loss over time as
well as the polymer’s permeability over a period of 22 h. However, the details of their methodology and
their results were not fully evaluated and justified (e.g., small number of measured data points, and no
rational justification on the effect of the encapsulant on the extent of bending), which makes it difficult
to rely on their conclusions. Naficy et al. [1] used a poly (styrene-block-isobutylene-block-styrene)
(SIBS) elastomer to encapsulate 162-µm thick PPy/PVDF/PPy tri-layer conducting polymer actuators
containing a 0.1 M solution of Li+TFSI− in PC as the electrolyte. Using a 100-µm thick manually
spray-coated SIBS film cycled in air at 1 Hz, the time to lose 20% and 70% of the initial displacement
improved two-fold (from 1.4 h to 2.7 h) and 20-fold (from 2.7 h to 55.5 h), respectively, at the
expense of losing 30% of the initial displacement of the actuator due to the added stiffness by the
encapsulating layer.

Despite some improvements shown in the literature on the lifetime of the ionic actuators using
different polymeric barriers, the search for a proper barrier in terms of its permeability and Young’s
modulus and how these two affect the performance of the ionic actuator is lacking. In Table 1,
we compare polymeric materials, which are commonly used to protect foods, pharmaceuticals,
implantable medical devices, and electronic devices. Properties listed are typical values for the water
vapor transmission rate for their unit thickness, WVTRn (measured at (37 ◦C to 40 ◦C), and 90% relative
humidity (RH)), Young’s modulus, Ee, and the strain at yield for plastic materials or the fracture
strain for elastomers [16–18]. Figure 1a demonstrates WVTRn versus Young’s modulus of the studied
barriers. The smaller the WVTRn of the material is, the relatively smaller the thickness needed to
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provide the same barrier to water vapor. The thinner the encapsulating layer and the lower the Young’s
modulus, the less stiff the actuator beam becomes after encapsulation and the less deformation it
loses. Hence, the closer the material is to the bottom left corner of the plot (lower Young’s modulus
and lower WVTRn), the better it performs as an encapsulant for an actuator. Based on the previously
mentioned fact, we introduce a figure of merit for polymeric materials as γw = Ee WVTRn, which needs
to be small, so the film provides proper encapsulation with low impact on the flexural rigidity and,
hence, the extent of deformation of the device (For more details, refer to Appendix A). Each dashed line
in Figure 1a indicates a constant value of γw, as specified next to each line. It, for example, suggests that,
in order to encapsulate an ionic actuator, while minimizing impact on deformation, polyurethane (PU),
which is a thermoplastic elastomer, is similar in performance to low-density polyethylene (LDPE) and
high-density polyethylene (HDPE), which are both thermoplastics at room temperature, if the thickness
of the encapsulating layer is well below the total thickness of the device and the required value of
γw is 102. In cases where large elastic strains are needed, one might then prefer the PU elastomer,
while, for moderate-to-small strains, the polyethylenes would allow for thinner layers. This graph can
help the designers select candidate materials for their application, depending on the required value
of γw.

Table 1. Typical material properties of common polymeric barriers. WVTRn values were measured at
37 ◦C to 40 ◦C and 90% RH [16–18].

Material’s Name Abbreviation or
Trade Name

Young’s
Modulus

Strain at Yield or
Fracture Strain WVTRn γw

(MPa) (%) (g mm m−2 day−1) (MPa g mm m−2 day−1)

poly(styrene-b-
isobutylene-b-styrene) SIBSTAR 103T 1 11.2 2 700 0.24 2.7

poly(styrene-b-
ethylene-butylene-b-

styrene)

SEBS,
Kraton G27011 20 800 47 940

Polyurethane PU 1 55 700 2.2 120

Low-density
Polyethylene LDPE 250 19 0.5 125

Polyvinylidene
Chloride

PVDC,
Saran 560 470 5 0.02 9.4

High-density
Polyethylene HDPE 1250 15 0.12 150

Polyethylene
terephthalate PET 2300 3.5 0.39 900

Polyimide PI, Upilex R 2500 4 0.56 1400

Poly(p-xylylene)-
type C Parylene C 2800 2 0.08 225

Polyvinyl chloride PVC 3000 3.5 1.18 3540

Liquid Crystal LC,
Vectra A950 10,000 2 0.05 500

Polyepoxides Epoxy 80,000 1.3 0.8 64,000
1 Elastomers at room temperature. 2 Obtained in this work.

The calculated γw for each polymeric barrier is included in Table 1 (the table is sorted based on the
value of Young’s modulus) and also compared in the graph shown in Figure 1b (the materials are sorted
based on their WVTRn, with the lowest being at the left). It shows SIBSTAR 103T (a commercial grade
of poly (styrene-block-isobutylene-block-styrene) or SIBS [18]) with the water vapor transmission rate
and Young’s modulus of 0.241 g mm m−2 day−1 [18] and 11.2 MPa, respectively, has the smallest value
of γw, and, therefore, is a good candidate for encapsulating tri-layer conducting polymer actuators and
other wet, deformable devices.

SIBS is the third generation of styrene block co-polymers, (SBCs), which is a very well-known
type of thermoplastic elastomer. It is composed of hard polystyrene end blocks and soft elastomer mid
blocks. Compared to its previous generations, SIBS has completely saturated isobutylene mid-blocks,
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which restricts the segmental mobility of the polymer chains. This makes SIBS highly stable toward
heat aging and weakly permeable to gases such as O2, CO2, and moisture [18]. Being a bio-stable and
Food and Drugs Administrative (FDA) approved polymer with minimal tissue reaction, it has been
shown to be a promising material to be used in various medical applications [19]. The laboratory grade
of SIBS coatings are successfully being used as the carrier for a drug-eluting coronary stent (TAXUS®,
Boston Scientific Corporation’s, Natick, MA, USA [20,21]). Micro shunts made of SIBS has also been
recently developed for glaucoma treatment by InnFocus LLC [22]. Other applications such as synthetic
heart valves to possibly replace tissue valves are also being investigated [23].
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Figure 1. (a) WVTRn versus Young’s modulus of commonly used polymeric barriers. It suggests the
closer the barrier sits to the bottom left corner of the graph (lower Young’s modulus and lower WVTRn),
the better encapsulation performance can provide for the actuator. The dotted lines demonstrate
constant values of the permeability modulus product, γw, as indicated. (b) Comparison of γw value
shows that SIBSTAR has the best combination of compliance and low permeability among the studied
encapsulating materials. (WVTRn increases from left to right). Those tagged with a * are elastomers at
room temperature.

We use SIBSTAR, which is the commercial grade of SIBS and comes in different grades, based on
the ratio of styrene to isobutylene and, hence, its molecular weight. For non-porous polymers, as the
molecular weight increases, the number of chain ends decreases, which provides less discontinuity
and, hence, less permeability in the polymer [24]. Grade 103 T of SIBSTAR (30% Styrene content) is
used in the current study due to its highest molecular weight (Mw = 100,000 g/mol [18]) compared
to other similar grades. Although chemical cross-linking improves the barrier properties of the film,
SIBSTAR film is not cross-linked in the current study to maintain its low Young’s modulus.
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Naficy et al. [1] have previously demonstrated the promise of spray coated SIBS as an encapsulant
that improves the cycle life for 162-µm thick Ppy/PVDF/Ppy tri-layer conducting polymer actuators
containing a 0.1 M solution of Li+TFSI− in propylene carbonate as the electrolyte. However, they used a
manual spray coater and the uniformity of the films were not validated. Our preliminary comparisons
of materials, as partly demonstrated in Table 1 and Figure 1, suggest that SIBS might be able to perform
even better that what Naficy et al. have presented, especially in shelf life. In our previous research,
we characterized the drying of unencapsulated 360-µm thick fabricated tri-layer actuators [2]. These are
comprised of an interpenetrated polymer network of polyethylene oxide (PEO) and nitrile butadiene
rubber (NBR) as the separator layer and poly(3,4-Ethylenedioxythiophene) (PEDOT) as the conducting
polymer active layer. We studied the effect of solvent evaporation on their performance, and showed
that they slow down by 10% upon the loss of 20% of stored propylene carbonate (PC), which takes
around half a day if they are stored, and lose almost all actuation after four days. In this case, using
gravimetric techniques, we quantitatively investigate the ability of the spray-coated SIBSTAR films
in protecting propylene carbonate from escaping the previously mentioned tri-layer. The effect of
encapsulation on the performance of the tri-layer actuators in terms of their retained percentage of
displacement over time when continuously cycling in air, as well as the extent to which they can bend
after encapsulation are also studied in this work.

2. Materials and Methods

2.1. Device Fabrication

PEDOT/PEO:NBR/PEDOT tri-layer actuators were fabricated through and in situ process,
as described in our previous work [2]. The samples were soaked in a 1 M solution of Lithium
bis(trifluoromethanesulfonyl)imide (Li+TFSI−) in propylene carbonate (PC) as the electrolyte.
After being soaked in the electrolyte, the thicknesses of PEO:NBR separator and PEDOT layers
were estimated to be ~31 µm and ~297 µm, and their Young’s moduli were calculated to be 1.2 MPa
and 180 MPa, respectively.

2.2. Encapsulation Process

Spray-coating was carried out using a Sono-Tek ExactaCoat automatic spray-coating system.
A 2% w/w solution of commercial grade poly(styrene-b-isobutylene-b-styrene) (SIBSTAR 103T,
Mw = 100,000 g/mol, Kaneka Americas Holding, Inc., Pasadena, TX, USA.) in toluene (C6H5CH3, 99.8%,
Sigma Aldrich) was prepared and loaded into a spray-coating syringe (Hamilton 1025 TLL, 25 mL).
The spraying follows a snake-like path with spacing between paths of d = 2 mm to deposit SIBSTAR
solution on the sample. Toluene starts evaporating from the solution immediately and leaves a thin
film of SIBSTAR. The nozzle to substrate distance, nozzle speed, shaping air pressure, and flow rate
were set to 9 cm, 20 mm/s, 0.8 kPa, and 0.3 mL/min, respectively. The solution was spray-coated for
10 coats (equivalent of ~19 µm thick SIBSTAR film) followed by a 5-min dwell time to let much of
the remaining toluene in the film evaporate. This process was repeated until the required thickness
was reached.

Encapsulation of PEDOT/PEO:NBR/PEDOT tri-layers was carried out by depositing the first
SIBSTAR layer with the required thickness on a glass slide. Then a tri-layer was freshly removed
from the electrolyte, gently dried using a cleanroom wipe, placed on the as-prepared SIBSTAR film,
and then coated with the second layer of SIBSTAR with the same number of coats as used to create the
first layer. In order to coat the sides of the samples, they were tilted by 45◦ to expose the targeted side
to the solution spray. The spraying path was aligned to the targeted side and it was coated with the
SIBSTAR solution using a single linear path back and forth using the same number of coats as used
to create the flat layers. The weights of all the samples were measured using an analytical balance
(Torbal, AGCN200, the accuracy of 0.1 mg) prior to the encapsulation.



Robotics 2019, 8, 60 6 of 15

2.3. Material Characterization

Thickness measurement and 3D surface mapping of the SIBSTAR films were characterized using a
Bruker Dektak XT profilometer (stylus diameter: 2µm, force: 0.1 mN) and calibrated through the optical
micrograph of the cross section of the sample using a Nikon Eclipse LV100 polarized light microscope.
Stress-strain measurements were carried out on SIBSTAR films using a Bose ElectroForce®-3100 system
in tension mode (strain of 1% at 0.1 Hz) to estimate their Young’s modulus.

2.4. Permeability Measurement

Bare and encapsulated tri-layers were hung over a rod using a paper clamp. The setup was then
placed into a container with a lid to prevent dust from settling on the samples, while maintaining the
air exchange into it. The whole setup was then stored in a controlled temperature and humidity (CTH)
room with the set temperature and relative humidity (RH) of (23 ± 2) ◦C and (50 ± 3)%, respectively.
The masses of the paper clamps along with the samples attached to them were measured and recorded
over time using an analytical balance (Mettler Toledo AE100, the accuracy of 0.1 mg) [25].

2.5. Actuation Test

The effect of encapsulation on the performance of the tri-layer actuator was evaluated by measuring
and comparing the maximum extent of curvature of the tri-layer before and after encapsulation, and via
its displacement degradation over time since it cycles in the air. The sides of the samples were covered
with a thick solution of SIBSTAR after being spray-coated. For the encapsulated samples, ~3 mm of the
encapsulation was removed at one end in order to connect the electrodes to them. Using a Solartron
1287A Potentiostat/Galvanostat (Hampshire, UK.), a square wave voltage with amplitude of ±2 V,
was applied to the samples through gold electrodes, which were tightly holding the samples at one
end. The tri-layers were held so they actuate laterally, and their extent of actuation was captured using
a Nikon D5100 DSLR camera looking down from above. Displacement was measured using a laser
displacement sensor (Keyence LK-G32, repeatability of 50 nm) by illuminating the laser on a point on
the tri-layer at distance, l, from the fixed end of the trilayer and measuring the excess of distance the
laser travels to reach the tri-layer surface as it actuates. Displacement, D, is defined as the maximum
change in deflection measured by the laser within the half cycle of actuation, T/2. Tri-layer actuators
cycling in air were subjected to an air flow provided by an electric fan during the measurement to
increase the rate of solvent evaporation.

3. Results and Discussions

3.1. SIBSTAR Film Characterization

Figure 2a shows the top view optical micrograph of a SIBSTAR film made of 50 spray coats
(100 µm thick) deposited on a glass slide. It shows the film consists of randomly distributed droplets
deposited one on top of the other, which is typical for spray-coated films [26]. This is the result of the
fast drying SIBSTAR solution droplets before they re-dissolve the layer underneath. The 3D mapping
of the surface of the same SIBSTAR film is shown in Figure 2b, which demonstrates a root mean square
(RMS) roughness and peak to valley (P–V) values of 1.4 µm and 12 µm, respectively. Neither porosity
nor pinholes were observed in the samples through their surface optical microscopy and 3D mapping.
Figure 2c shows the thickness of the deposited SIBSTAR film, measured at the center of the substrate,
versus the number of spray coats. There is a linear relationship between the two, with a deposition
rate of 1.92 µm per coat.
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Figure 2. (a) Top view optical micrograph and (b) 3D surface mapping of SIBSTAR films made of 50
spray coats (~100 µm) deposited on a glass slide and (c) SIBSTAR film’s thickness at the center of the
glass slide substrate versus the number of scans. Thickness linearly increases as the number of spraying
coats increases.

Tensile Young’s modulus of spray-coated SIBSTAR film was measured to be (11.2 ± 0.5) MPa
(stress-strain curves provided in Appendix B). This value is 4 to 10 times larger than the values reported
for cast films at a strain of 100% [27]. While the difference can partially be due to the difference in the
fabrication process, it has been shown that Young’s modulus of SIBSTAR varies with the magnitude of
the applied strain and is larger at smaller values [27]. The obtained value in this work is in accordance
with the value reported by Naficy et al. [1].

Water and PC absorbances of SIBSTAR spray-coated films were measured by immersing 190-µm
thick SIBSTAR films with areas of 1 cm × 2 cm (equivalent mass of (34.6 ± 0.3) mg) in each of the liquids.
No measurable mass change (<0.1% or <38 µg/cm2) was observed for the SIBSTAR film immersed in
deionized (DI) water after two weeks, while the mass of the one immersed in PC increased by 0.5 mg
(~1.4% or 190 µg/cm2). After seven months, the film immersed in DI water absorbed 0.4 mg water
(equivalent mass increase by ~1.15% or 152 µg/cm2) and the one in PC absorbed a further 0.6 mg of PC
(equivalent total mass increase by 3.2% or 418 µg/cm2). This demonstrated the resistance of SIBSTAR
toward absorbing water or propylene carbonate, which makes it a proper barrier to protect devices
when operating in water.

3.2. Characterization of Permeant Mass Transfer in SIBSTAR Sprayed Films

As discussed in Section 1, SIBSTAR is a good candidate as an encapsulating material for ionic
bending actuators. In this case, we demonstrate how well sprayed films of SIBSTAR at different
thicknesses can protect the propylene carbonate stored in tri-layers from being evaporated.

Figure 3a shows the schematic of an encapsulated tri-layer. Figure 3b shows a top view optical
image of a 4 mm× 12 mm trilayer encapsulated with ~100 µm thick SIBSTAR films. The encapsulation’s
margin is indicated with red dashed lines. The encapsulation extension is provided in all the samples to
ease holding and handling of the devices. The cross-section optical micrograph of a tri-layer (thickness
of ~360 µm when it was freshly removed from the electrolyte [2]) encapsulated with ~100 µm thick
SIBSTAR is demonstrated in Figure 3c (for this sample, the sides were covered with a thick solution of
SIBSTAR using a fine brush). The measurement was performed two months after the encapsulation
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was carried out. It shows that, after two months, no significant change in the thickness of the tri-layer
occurs if the device is encapsulated with a ~100-µm thick SIBSTAR film. We showed in our previous
work that a similar tri-layer with no encapsulation loses ~40% of its initial mass of PC within one
day. This mass loss shrinks the thickness of the device from ~360 µm to ~290 µm and significantly
affects the intermittent and cycling performance of the tri-layer [2]. Clearly, the encapsulation is greatly
slowing the mass loss.
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Figure 3. (a) Schematic structure of an encapsulated tri-layer actuator, (b) top view optical image of an
as-prepared encapsulated PEDOT/ PEO:NBR/PEDOT tri-layer actuator. The red dashed line shows the
encapsulation margin, (c) cross section optical micrograph of an encapsulated PEDOT/PEO:NBR/PEDOT
tri-layer actuator after two months of encapsulation with 100-µm thick SIBSTAR, and (d) comparison of
the normalized mass decay over time of propylene carbonate stored in a tri-layer with no encapsulation
and tri-layers with encapsulation thicknesses of ts = 50 µm, 100 µm, and 190 µm. All the normalizations
are relative to the initial mass of the PC.

The retained mass of propylene carbonate in three bare tri-layers (named as Si, where i = 1, 2, 3),
and the retained sum of the masses of propylene carbonate and toluene in the encapsulated tri-layers,
were measured over time. The encapsulated tri-layers were named as Si with 50 µm (i = 4, 5, 6),
100 µm (i = 7, 8, 9), and 190 µm (i = 10, 11, 12) thick spray-coated SIBSTAR encapsulations. All the
measurements were done in a CTH room at (23 ± 2) ◦C and (50 ± 3)% RH. The corresponding results
are demonstrated in Appendix C. Among those, samples S3, with no encapsulation, and S5, S8, and S10
with 50-µm, 100-µm, and 190-µm thick SIBSTAR encapsulations, respectively, which show the least PC
mass loss compared to those with the same encapsulating layer’s thickness, were selected since they
demonstrate the best capability of SIBSTAR at different thicknesses in protecting the device from losing
the stored PC. The results of their normalized mass loss over time are demonstrated and compared in
Figure 3d. The normalizations were done relative to the initial mass of the propylene carbonate stored
in the corresponding tri-layer (45% of the initial mass of the tri-layer [2]) to demonstrate the percentage
of propylene carbonate retained over time after the toluene trapped in SIBSTAR shield is thoroughly
evaporated. That is why the demonstrated graphs in Figure 3d for encapsulated tri-layers have initial
values of more than 1. The observed initial sharp decay is due to the evaporation of trapped toluene
from the corresponding encapsulating shield.

According to Figure 3d, while the total amount of PC stored in the tri-layer evaporates within
several days, 36%, 88%, and 83% of the initial mass of PC is retained in the tri-layers after ~300 days
if 50-µm, 100-µm, and 190-µm thick SIBSTAR encapsulation is applied, respectively. The process of
diffusion of permeant molecules across a non-porous polymeric barrier follows Fick’s laws of diffusivity,
since the driving force is the transmembrane permeant concentration difference [24]. Solving Fick’s
equations for such a system, the mass transfer rate of permeant molecules (PC vapor molecules), TRPC,n,
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through the thickness of the barrier, ts, over area, As, which is linear at equilibrium, is described using
Equation (1) [28]

TRPC,n =
aPCts

As
. (1)

aPC is the PC mass loss rate, and, for each sample, it is obtained from the slope of the linear region
(R2 > 0.99) of the corresponding graph shown in Figure A2a–d (Appendix C) and the initial mass
of propylene carbonate stored in the sample. The obtained TRPC,n is used as an index to describe
how well the samples are encapsulated. The smaller its value is, the better the encapsulation is
performing. The values of area (surface area, side area, and total area), initial mass of PC stored in the
tri-layer, PC loss rate, and TRPC,n, along with the time to lose 20% of the stored PC and the operation
lifetime (time to lose 86% of the stored PC [2]) of the tri-layers are summarized in Table 2. It shows
that, for samples with 50-µm, 100-µm, and 190-µm thick SIBSTAR encapsulations, the measured
values of TRPC,n sit within the range of 9.1 to 23.9 µg m m−2 day−1, 3.1 to 15.6 µg m m−2 day−1,
and 9.9 to 29.6 µg m m−2 day−1, respectively. The wide range of TRPC,n values makes us suspect that
the thickness of the encapsulating layer is not uniform or is not the same in all the six directions.
It was shown in Figure 2b that SIBSTAR spray-coated film is uniform and its roughness and peak
to valley values, being equal to 1.3 µm and 12 µm, respectively, are well below the thickness of the
encapsulating layers (>50 µm). As mentioned before, spray-coating is not conformal and the sides of
the tri-layers, being relatively perpendicular to the direction of the spray, cannot be well coated along
with their surfaces. To compensate that, we tilted the samples and spray coated the sides separately.
However, we could not evaluate the thickness of the encapsulation in those areas. The area of the
sides represents 8.2% to 10.7% of the total area of the tri-layer, which is not negligible and, if the
thickness of the encapsulating layer at those areas is smaller than its intended thickness (that of the
two surfaces), the sides can have a significant impact on letting the propylene carbonate escape from
the tri-layer faster. Hence, the variation in the values of TRPC,n obtained for different samples may,
possibly, be explained by that.

Table 2. Summary of the properties of the tri-layers and the corresponding encapsulating
layer’s performance.

Sample
Encapsulating

Layer’s
Thickness

Tri-Layer’s Initial
PC

Mass

PC Mass
Decay Rate

(aPC)

Normalized PC
Transmission Rate

(TRPC,n)

Time to Lose
20% of

Stored PC

Operation
LifetimeSurface

Area
Side
Area

Total
Area

(µm) (mm2) (mg) (µg/day) (µg m m−2 day−1) (days) (days)

S1
0

144.4 12.5 156.9 13.7 - - 0.5 4
S2 150.3 13 163.3 14.2 - - 0.5 4
S3 161.8 13.8 175.6 15.6 - - 0.5 4

S4
50

94.5 10.2 104.7 8.8 19 9.1 65 390 *
S5 96 10.2 106.2 8.9 20.3 9.6 65 370 *
S6 96 10.2 106.4 9 50.5 23.9 35 300

S7
100

96 11.5 107.5 8.8 16.2 15.6 110 460 *
S8 120 12.2 132.2 11 4 3.1 550 * 2350 *
S9 100 11.7 111.7 8.9 4.6 4.4 390 * 1650 *

S10
190

126 13.3 139.3 10.5 6.4 9.9 330 * 1400 *
S11 112 13 125 10.45 19.1 29.6 80 460 *
S12 165 14.8 179.8 14.25 17.4 20.3 180 700 *

Values tagged with a * were estimated, by assuming the mass loss stays linear.

We showed in our previous work that, for a bare tri-layer actuating intermittently in air, the time
constant of the device increases by 10% after losing 20% of its initial PC mass [2]. This is accompanied
by a 20% increase in its maximum curvature. According to Figure 3d, this mass loss takes less than
half a day if the bare tri-layer is stored in a CTH room at (23 ± 2) ◦C and (50 ± 3)% RH. If a 50-µm
thick encapsulation is applied to the device, this time can delay to more than 65 days (~120 times
improvement), in the same measurement condition. This further improves if the encapsulation gets
thicker to 100 µm, as more than 500 days (nearly a year and a half, equivalent of more than 1000 times
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improvement) is estimated to be needed to lose 20% of the stored PC in the device. According to
Equation (1), this improvement was expected to further increase by increasing the thickness of the
encapsulating layer to 190 µm. However, the results show that 20% of PC mass loss takes place after
nearly 330 days (~11 months). This, as explained before, is probably due to the thinner encapsulation
on the sides, which let PC escape more easily from the sample.

According to the results obtained for these tri-layer actuators in our previous work [2], the device
is still operational after losing 86% of the initial mass of PC stored in it. While, for a bare tri-layer,
the operation lifetime is only four days, for tri-layers encapsulated with 50 µm, 100 µm, and 190 µm
thick spray-coated SIBSTAR films this time are estimated to be able to delay to 390 days (over a year or
~100 times improvement), ~2400 days (6.5 years or 600 times improvement), and ~1400 days (nearly
four years or 450 times improvement), respectively. This significant improvement in the operation
lifetime of the device is well beyond what has been reported previously.

The variation in the results obtained for different samples with the same thickness of the
encapsulating layer, and also comparing the results of those with different thicknesses of encapsulation,
makes us reluctant to report a unique value of TRPC,n for SIBSTAR. However, the obtained results
demonstrate the capability of this material as an encapsulating layer.

3.3. Effect of Encapsulation on the Extent to Which the Trilayer Can Bend

To investigate the effect of the encapsulating layer on the extent of bending of the tri-layers,
a square wave voltage with an amplitude of ±2 V and period of 20 s (half period being ~5 times
larger than the time constant of the device) was applied to devices before and after encapsulation
and their curvatures were compared. Figure 4 shows top-view optical images of the peak to peak
maximum bending of a tri-layer with (a) no encapsulation, and tri-layers with SIBSTAR encapsulations
with thicknesses of (b) 50 µm, (c) 100 µm, and (d) 190 µm. The curvatures of the beams were
calculated by fitting circles to the images of the actuated tri-layers. It shows that, when a 50-µm thick
SIBSTAR encapsulation is applied to the tri-layer, its curvature decreases from (0.72 ± 0.02) cm−1 to
(0.40 ± 0.02) cm−1 (~55% of the curvature before encapsulation). As the thickness of the encapsulating
layer further increases to 100 µm and 190 µm, the curvature of the tri-layer further decreases to
(0.32 ± 0.02) cm−1 and (0.21 ± 0.02) cm−1, which corresponds to ~44% and ~30% of the curvature of the
tri-layer before encapsulation, respectively. As discussed in Appendix A, the decrease in the curvature
of the device is due to the added encapsulating layer on the two surfaces as well as the two walls of the
tri-layer actuator, which bend along with the device.
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Figure 4. Maximum bending of tri-layers with (a) no encapsulation, (b) 50-µm, (c) 100-µm,
and (d) 190-µm thick SIBSTAR encapsulating layers. The dimensions of the tri-layers before
encapsulation are L × W × ht = 10 mm × 2 mm × 0.36 mm. Images are overlaid to show the
full extent of deflection after voltages of +2 V and −2 V are applied to each for 10 s.

3.4. Effect of Encapsulation on the Cycling Response of Tri-Layer Actuators in Flowing Air

To investigate the effect of encapsulation on the lifecycle of a tri-layer conducting polymer actuator
operating in air, a square wave voltage with amplitude of ±2 V and period of 2 seconds (frequency
of 0.5 Hz), was applied to bare and encapsulated tri-layers (ts = 100 µm) and their displacements
were measured over time, using a laser displacement sensor. An electric fan was used to facilitate the
evaporation of the solvent from the device. Figure 5 shows the normalized displacement, D = half of
the peak to peak displacement, and the peak current, i0, (= half of the peak to peak current) passing
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through the tri-layers with no encapsulation and with 100-µm thick SIBSTAR encapsulation, cycling in
flowing air. The top x-axis shows the number of cycles. The normalizations were done relative to the
initial values, which are indicated in the corresponding graph. In all figures, the graphs in grey show
the actual values of the normalized quantity (current or displacement) and the black lines (dashed line
for displacement and solid line for current) demonstrate the corresponding smoothened values.

As shown in Figure 5a, the displacements of the bare tri-layer operating in flowing air decrease as
soon as the actuation starts. The initial rate of displacement decay is 55 %/h, which decreases over time
and, after 3 h (5.4 × 103 cycles), when only ~20% of the initial displacement is retained, drops down
to ~9 %/h. We showed in our previous work that the displacement of a cycling actuator follows the
current passing through it, which is also observed in Figure 5b [2]. As the tri-layer actuator cycles in air,
the stored PC in it evaporates and causes the viscosity of the electrolyte to increase and, hence, its ionic
conductivity to decrease. This explains the observed decrease of the peak current passing through
the bare tri-layers operating in flowing air and, hence, the decrease of the tri-layer’s displacement,
as shown in Figure 5a,b, respectively.
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Figure 5. Normalized peak to peak (a) displacement and (b) current of a bare tri-layer and
(c) displacement and (d) current of an encapsulated tri-layer with 100-µm thick SIBSTAR, cycling in
air. The dimensions of both tri-layers are L ×W × ht = 10 mm × 2 mm × 0.36 mm and the distance of
the laser beam from the base of the tri-layer is (8 ± 0.5) mm. D0 and i00 are the initial values of the
measured displacement and the peak current passing through the corresponding tri-layer, respectively.
The graphs in grey show the peak-to-peak current variation through time while the black lines represent
the smooth ones.

For the tri-layer encapsulated with a 100-µm thick film of SIBSTAR, as shown in Figure 5c, the decay
rate of displacement is initially ~13 %/h and, after ~3 h of actuation in flowing air (5.4 × 103 cycles at
0.5 Hz), when 85% of the displacement is retained, drops down to less than 2 %/h. The normalized
peak current passing through the encapsulated tri-layers is demonstrated in Figure 5d, which shows
it decreases with a relatively constant decay rate of ~2 %/h and, after 3 h of actuation in flowing
air (5.4 × 103 cycles at 0.5 Hz), ~94% of the peak current passing through the tri-layer, is retained.
The small decline in the current passing through the device, which is likely due to the evaporation of
PC at regions where the device is clamped, suggests the excellent encapsulation of SIBSTAR, which has
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also been shown in Figure 3b,c. Further work may be warranted to explore the best methods to
make electrical contact through the encapsulation. Comparing the current and displacement graphs
of the encapsulated tri-layer actuating in flowing air, shows that the rate at which the displacement
decays is initially larger than that of the current (13.5 %/h for displacement versus 2%/h for current).
The larger initial decay rate of displacement in the encapsulated tri-layer actuator, compared to that of
the peak current passing through the device, might be due to the change in the mechanical properties
of SIBSTAR as the device cycles. This, however, requires further investigations to validate and to find
ways to control it if the device is required to continuously cycle for hours.

4. Conclusions

Uniformly thick SIBSTAR films with Young’s moduli of ~11 MPa were obtained through a
spray-coating technique. We showed in this work that, by using spray-coated SIBSTAR films as
encapsulating layers, the storage lifetime of PEDOT/PEO:NBR/PEDOT tri-layer actuators significantly
increases by protecting the device from getting dry in air over time. Additionally, 20% of propylene
carbonate in a bare tri-layer evaporates after less than half a day if it is stored in a controlled temperature
and humidity (CTH) room at (23 ± 2) ◦C and (50 ± 3)% RH. This time can be extended to more than
two months (~240 times improvement) and 18 months (>1000 improvement) if 50-µm and 100-µm
thick spray-coated SIBSTAR are applied to the device, respectively. This is at the expense of losing
the extent of bending of the tri-layer due to the added layers, which cause the flexural rigidity of the
tri-layer beam to increase.

The strong capability of spray-coated SIBSTAR films toward protecting conducting polymer
actuators from losing their solvent or even the whole electrolyte as they are stored/operated in air or
in DI water, respectively, along with their low Young’s modulus (~11 MPa) and ease of fabrication,
makes them a promising material to protect other ionic devices such as IPMCs [3,4], bucky gel
actuators [15], flexible batteries [29], supercapacitors [7], and ionic-electrode capacitive sensors [5].
Moreover, applying medical grade SIBS coatings on ionic devices can also expand their applications
toward in vivo and implantable devices.
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Appendix A

The flexural stiffness of a beam is obtained through the familiar equation, KT = 3(EI)b/L3, where L
is the length of the beam and EI is its flexural rigidity and is obtained through Equations (A1) for an
encapsulated beam (including three layers).

(EI)b =
W
12

(
Ee
(
hT

3
− ht

3
)
+ Etht

3
)
+

ts

6
EehT

3, (A1)

where Ee and Et represent the Young’s moduli of the encapspulating layer and the beam, respectively.
W is the width of the beam, hT = 2ts + ht, is the total thickness of the encapsulated beam, and ts and ht

are the thicknesses of the encapsulating layer and the beam, respectively. According to Equation (A1),
the smaller the Young’s modulus and the thickness of the encapsulating layer are, the less impact
they have on the flexural rigidity and, hence, the flexural stiffness of the beam (=WEtht

3/4L3) before
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encapsulation. In the case where ht >> ts and W >> ts, the fractional stiffness added by the encapsulating
layer is shown below.

∆KE

KT
�

W
4L3

(
6Eeht

2ts
)

W
4L3 ETht3

=
6Eets

ETht
. (A2)

Therefore, clearly, the product of the encapsulating layer’s modulus and its thickness needs to
be minimized.

The mass transfer rate across a polymeric film, a, is inversely related to its thickness, ts, through
Equation (A3) [24], which is analogues to Equation (1).

a =
VTRn A

ts
, (A3)

where A is the area over which the permeant transfers across and VTRn is the permeant-vapor
transmission rate of the polymer for its unit thickness and depends on various properties of the
polymer material such as its saturation level, the degree of crosslinking, crystallinity, glass transition
temperature, and molecular weight, as well as the nature of the penetrant [24]. Equation (A3) suggests
a thicker film of polymer can compensate for a large vapor transmission rate, but this conflicts with the
requirement for the flexural stiffness. Combining the requirements for minimum change on the flexural
stiffness as the encapsulation film is applied with minimum transmission rate through it, we introduce
a figure of merit for polymeric materials, γ = VTRnEe, which is ideally small, so the film provides a
proper encapsulation with low impact on the flexural stiffness of the structure.

Appendix B

Stress-stress curve of a SIBSTAR film (10 mm × 4 mm × 0.1 mm) is shown in Figure A1.
The measurement was carried out for 10 cycles at 0.1 Hz.
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Figure A1. Stress-strain curve for SIBSTAR film with length, width, and thickness of 10 mm, 4 mm,
and 100 µm, respectively.

Appendix C

Figure A2a demonstrates the retained normalized mass of propylene carbonate over time in three
bare tri-layers named as Si, where i = 1, 2, 3. The normalizations were done relative to the initial mass
of propylene carbonate stored in each of the tri-layers (45% of the initial mass of the tri-layer [2]).

Figure A2b–d show the retained total mass of propylene carbonate and toluene in encapsulated
tri-layers over nearly 300 days. These are named as Si with 50 µm (I = 4, 5, 6), 100 µm (I = 7, 8, 9),
and 190 µm (I = 10, 11, 12) thick spray-coated SIBSTAR encapsulations. Similar to the bare tri-layers,
the measurements were done in a CTH room at (23 ± 2) ◦C and (50 ± 3)% RH. All the normalizations
were done relative to the initial mass of the propylene carbonate stored in the corresponding tri-layer
(45% of the initial mass of the tri-layer [2]) to demonstrate the percentage of propylene carbonate
retained over time after the toluene in the SIBSTAR shield is thoroughly evaporated.
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