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Abstract: A conductive epoxy-based shape memory polymer (SMP) is demonstrated using
carbon black (CB) as a dopant for the purpose of creating an SMP dry adhesive system
which can internally generate the heat required for activation. The electrical and
mechanical properties of the CB/SMP blends for varying dopant concentrations are
characterized. A composite adhesive is created to minimize surface contact resistance to
conductive tape acting as electrodes, while maintaining bulk resistivity required for heat
generation due to current flow. The final adhesive can function on flat or curved surfaces.
As a demonstration, a 25 mm wide by 45 mm long dry adhesive strip is shown to heat
evenly from an applied voltage, and can easily hold a mass in excess of 6 kg when bonded
to a spherical concave glass surface using light pressure at 75 °C.
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1. Introduction

Dry adhesion is the result of multiple attractive forces, including short-range intermolecular forces
such as van der Waals’ and longer range electrostatic forces, which occur between contacting
materials. The total force generated between contacting materials is therefore directly related to the
amount of area in intimate contact, as well as the chemical makeup of the mating surfaces. Substantial
investments in the study and development of dry adhesives have been made in recent years, spurred in
large part by the discovery of the exceptional adhesive capabilities of gecko lizards [1]. The majority
of this work has focused on the study of fibrillar, or “hairy”, dry adhesives; natural examples such as
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the gecko [2—6], or the development and characterization of artificial systems meant to mimic those
found naturally [7-10].

A compliant adhesive surface facilitates the creation of large adhesive contact area during initial
contact (bonding). During loading, excessive compliance in the adhesive system may cause inadequate
load sharing between contact points, leaving the interface susceptible to peeling failure. Therefore,
strong adhesion is generated by an adhesive surface that maximizes compliance normal to the mating
surface during bonding, while also minimizing compliance in the direction of loading. Fibrillar
structures are one possible solution to this problem; the slender fibrillar structures maximize
compliance at the microscale to generate a large contact area, while the underlying structure supplies
adequate rigidity to suppress peeling. Fibrillar adhesives are particularly effective when adhering to
microscopically rough, irregular surfaces due to the extreme compliance of the fibers and their inherent
contact splitting nature [6]. In addition, careful design of the fibers can allow for a large ratio of
maximum adhesion to minimum adhesion, often termed adhesion “reversibility”, which is typically
highly desirable for dry adhesive systems and is essential for locomotion-based applications [8]. It is
therefore unfortunate that the large scale application of artificial fibrillar dry adhesives faces multiple
significant challenges, most notably high fabrication costs and limited durability.

Alternative dry adhesive systems have been successfully developed using the same general principles
of compliance control. A prime example is the creation of thin composite polymer/fabric sheets, soft
and flexible normal to the surface but relatively inextensible parallel to the surface, which generate a
very strong adhesion in shear while remaining easily detachable by manually peeling at the edges [11].
To create an adhesive that is strong when loaded normally to the surface, the general concept to
generate a strong bond is the same but the optimal means to achieve it must be different since the
directions of bonding and loading are now the same. If the adhesive can be cycled between a compliant
configuration during bonding to a rigid configuration during loading, then the problem will have been
at least partially solved. This is the strategy employed by various researchers using phase-changing [12]
or smart materials, such as thermosensitive shape memory polymers (SMPs) [7,13—15].

Phase-changing materials may be used as a bulk layer behind an adhesive membrane. Bonding is
performed while the phase-changing material is melted; thus, the adhesive has the compliance of the
thin membrane to generate large contact area, but once solidified in this deformed shape the
compliance is decreased dramatically thus ensuring strong peel resistance. SMPs are a class of material
that can perform a similar function, though without undergoing phase change [16—18]. An SMP has a
cross-linking network that sets its permanent shape, determined during its initial curing stage.
At a particular temperature, the SMP undergoes a thermal transition enabling short-range molecular
motion. Above this temperature, the polymer becomes more compliant, and any deformation applied
may be subsequently fixed or “frozen” in place by cooling the SMP below its thermal transition
temperature while maintaining its deformed, or “temporary”, shape. The SMP will maintain this
temporary shape until again heated above its transition temperature, at which point it will return to its
original permanent shape. Epoxy-based SMPs are particularly attractive as a structural layer in
adhesive systems owing to their excellent thermal and mechanical properties, as well as their relative
ease of processing [17]. Epoxy-based SMPs have a thermal transition defined by their glass transition
temperature (75).
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Intelligent use of either phase-changing or SMP materials in a dry adhesive system has been shown
to effectively increase maximum adhesion and improve adhesive reversibility, both with and without
the aid of supplementary fibrillar structures. Though a phase-changing material approach necessitates
the addition of an adhesive barrier membrane to qualify as a dry adhesive, the performance advantages
have been shown using SMP as a bulk adhesive material both with [7,14] and without [13] the addition
of a “sticky” adhesive material layer. Elimination of this additional layer is advantageous from
both manufacturability and durability standpoints. An obvious drawback to the use of thermosensitive
functional materials is the necessity of a heat source to cycle between compliant and rigid states.
An external heat source constitutes additional equipment cost and reduced flexibility of operation for
the adhesive system, making the bonding process more complex and adding thermal mass thus slowing
the thermal response time of the functional material with a given power input. In contrast, an internally
conductive material would allow the functional material to also act as the heat source by passing
current through it. In this work, we demonstrate an epoxy-based SMP dry adhesive system doped with
electrically conductive carbon black (CB) to enable internal joule heating, bypassing the operational
requirement of a secondary heat source. Our approach additionally enables adhesion to non-flat
surfaces, which has not been previously demonstrated with SMP adhesive systems to our knowledge.

2. Experimental Section
2.1. Materials

In this paper, we use a particular SMP formulation developed by Xie and Rousseau in Reference [19],
referred to as “NGDE2” by the authors. This particular formulation has been used as part of several
dry adhesive systems [7,13,14], and serves as the basis of the dry adhesive system demonstrated here.
The epoxy-based SMP used for this work was created from a 1:1:1 molar ratio of EPON 826 (The
diglycidyl ether of bisphenol A epoxy monomer; Momentive, Columbus, OH, USA), Jeffamine D230
(poly(propylene glycol)bis(2-aminopropyl) ether; Huntsman Corporation, The Woodlands, TX, USA),
and NGDE (Neopentyl glycol diglycidyl ether; TCI America, New York, NY, USA). Prior to mixing,
the EPON 826 was heated at 60 °C for 30 min to remove any crystallization.

Carbon black VULCAN XC72R supplied by Cabot Corporation (Boston, MA, USA) was used for all
CB/SMP blends. Molds for dynamic mechanical analysis (DMA) and transmission line model (TLM)
test samples and for composite CB/SMP fabrication were created using a Formiga P 100 selective laser
sintering system (EOS, Andra-Wordern, Austria) with material PA 2200, polyamide white.

2.2. Carbon Black (CB)/Shape Memory Polymers (SMP) Blend Preparation

The constituents of CB/SMP blends were proportioned by weight and mixed manually using a
stirring rod. The SMP mixture was prepared prior to adding CB. The base SMP precursor is a
somewhat viscous liquid but is thickened considerably by the addition of CB. Blends containing
greater than 10 wt% CB become pastes, while exceeding 25 wt% CB results in a thick, clumpy mixture
that must be manually packed into molds to form the desired shapes. This was accomplished by
shearing the mixture over the surface of the molds using a clean razor blade. The 5 wt% CB blends
were observed to have many larger voids formed by bubbles trapped during the mixing process.
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This sometimes lead to fragile specimens. This issue was less prevalent at 10 wt%, since the mixture
was thickened enough that the small trapped bubbles were no longer able to expand during curing.

2.3. 15/30 CB Composite Design

The composite 1 mm thick conductive layer is fabricated with 30 wt% CB islands, connected with
15 wt% CB filler. The islands are 3.5 x 3.5 mm on the electrical contact side, tapering to 3 x 3 mm on
the opposing side for easier release from the mold in which they are cured. The center-to-center
spacing is 5 mm. This design provides roughly even distribution of the two CB/SMP blends exposed
on the electrical contact surface.

2.4. Transmission Line Model (TLM) Test Measurements

Carbon black is well known as an additive to confer electrical conductivity to polymers [20-22].
The critical concentration of CB necessary to enable conductivity in an insulating polymer is called the
percolation threshold, and is dependent on a variety of factors, including the type of carbon black used,
the polymer chemistry, and the method of mixing. Using the relatively common furnace black variety,
the percolation threshold generally occurs at concentrations below 5 wt% [21]. For this reason,
electrical characterization of our CB/SMP blends begins at 5 wt% CB and extends to 30 wt% CB.
The transmission line model (TLM) method is used to characterize the electrical properties [23],
with two variations of the contact method used as shown in Figure 1. To use our CB/SMP blends as
adhesives, we desire an easy attachment method to one side of a strip of material, leaving the entirety
of the opposing face as a continuous adhesive surface. The natural choice is to use an electrically
conductive copper tape that may be pressed to the surface as the method of creating an electrical
contact that will be flexible and removable, yet will remain in place while the adhesive is being
handled. TLM measurements using Cu tape as the contact path were difficult with blends below
approximately 25 wt% CB due to a large and highly variable contact resistance. This is likely due to an
uneven surface distribution of CB in blends with a lower CB concentration, as well as some variation
and viscous flow within the Cu tape’s conductive sticky layer after application. For this reason, bulk
resistivity was calculated using alligator clips squeezing flat steel plates against the CB/SMP blend
surface as the contact points with which to make TLM resistance measurements, as shown in Figure 1 A.
Surface resistivity of the CB/SMP blends to Cu tape could then be more confidently calculated down
to 15 wt%, using the configuration shown in Figure 1B.

Figure 1. Transmission line model (TLM) data is collected using (A) the steel clip method
and (B) the Cu tape method. The steel clip method yields more consistent data for mixtures

with low weight percentage of carbon black (CB).
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TLM measurements were collected at 1 cm increments, stepping along the length of the CB/SMP
samples which had 2 x 10 mm cross sections, and using steel or Cu tape contact pads that are
5 x 10 mm in area. The data was slightly corrected to minimize the effect of variable contact resistance
between contact points prior to the calculation of the least-squares regression line.

2.5. Dynamic Mechanical Analysis (DMA) Test Measurements

All dynamic mechanical analysis (DMA) testing was performed using a Q800 DMA from TA
Instruments (New Castle, DE, USA), with an attached gas cooling accessory (GCA) to test below
room temperature. SMP and CB/SMP samples 5 mm wide, 1.5 to 2.1 mm thick, and at least 35 mm
long were clamped in a tensile configuration for temperature step/frequency sweep testing. Across the
glass transition range, measurements were taken at 2 °C intervals, with 4 °C intervals used away from 7.
The reported data was gathered at 1 Hz excitation with a 0.05% strain amplitude. Testing blends
prepared above 20 wt% CB was prohibitively difficult due to the tendency for sample fracture during
the course of the test.

3. Results and Discussion

Examples of TLM curves for CB/SMP blends of 15 and 30 wt% CB are shown in Figure 2A for
samples with a 20 mm” cross section, with contact pads that are 50 mm?® in area. The 15/30 CB
composite curve will be addressed later. Above 20 wt% CB, the CB/SMP blends become thick, even
clumpy, prior to curing and tend to form significant cracks at free surfaces while curing. It has been
documented previously for other CB/polymer blends that tensile strength is expected to decrease with
increasing CB loading [21], most likely due to internal and surface cracks. Measurements terminate at
30 wt% CB due to the practical challenge of manufacturing and handling continuous bars above this
CB concentration. Bulk and contact resistivities are calculated based upon least-squares regression line
of the TLM data, together with the sample and contact pad geometries. A greater slope to the
regression line indicates a larger bulk resistivity, while a greater y-intercept indicates a larger contact
resistance. Performing the similar measurements for several CB/SMP blends provides bulk and contact
resistivities as a function of CB wt% in Figure 2B,C, respectively. The calculation of contact resistivity
includes the contribution from bulk resistance beneath the contact pad, and so these values can be
considered somewhat conservatively high, though the contribution is not large for the homogeneous
samples. As should be expected, both bulk and surface resistivities are inversely proportional to the
concentration of CB. Contact resistance decreases more steeply with increasing CB concentration than
the bulk resistance, as shown in Table 1 where the ratio of bulk to contact resistivities are calculated
for each CB/SMP blend tested.

To evenly heat a slender strip of CB/SMP, most of the power input should be dissipated within the
bulk of the material. Therefore, it is desirable to have a large bulk resistivity in comparison to the
contact resistivity to the Cu tape. From Table 1, it is clear that this ratio increases with CB loading, and
so a higher CB loading is expected to provide better heating performance. As previously described,
continuous sheets with high CB loading above 20 wt% become prone to crack formation and lose the
mechanical durability necessary for a flexible, reusable adhesive. Figure 3A shows infrared (IR) and
optical images of a 15 wt% CB/SMP blend experiencing internal joule heating through Cu tape
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attached to the ends of its opposite face. The hot spots directly beneath the Cu tape contact regions
clearly indicate poor heating performance, with the majority of power dissipation occurring at the
SMP—Cu tape interface. The tape adhesive layer thins and loses contact well before the bulk of the

CB/SMP strip reaches its T, as 1s required for its use as an adhesive.

Figure 2. (A) TLM data gathered using the steel clip method for homogeneous 15 and
30 wt% CB/shape memory polymer (SMP) blends, and the 15/30 CB composite design.
Linear curve fits used to calculate effective bulk and contact resistivities are shown.
The 15/30 CB composite has a relatively high effective bulk resistivity (B) and a relatively
low effective contact resistance (C), shifting the power dissipation into the bulk of the
material for more even heating when using Cu tape.
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Table 1. Ratio between the experimentally determined bulk and surface resistivities as a
function of wt% carbon black (CB).

Bulk to Surface Resistivity Ratio (m_l)

wt% CB

Cu Tape Steel Clip
5 - 10
10 - 18
15 1 30
20 6 57
25 13 86
30 14 105
15/30 42 76

Reduced contact resistance may be achieved by introducing small integrated contact pads within the
moderately doped (15 wt%) bulk CB/SMP made of more highly doped (30 wt%) CB/SMP. An initial
goal of the project was to create sheets of adhesive which may be cut arbitrarily to form usable strips
of varying size and orientation. Therefore, the 30 wt% contact pads are molded as small (3.5 x 3.5 mm),
separate islands set into the surface of a bulk sheet of 15 wt% composite CB/SMP, referred to as the
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filler. The finished product will be referred to as 15/30 CB composite. This design allows power to
flow relatively unimpeded through the interface between the 30 wt% CB/SMP and Cu tape to be
dissipated as heat within the connecting 15 wt% CB/SMP material. Thermal performance is shown in
Figure 3B to be far superior to the homogeneous strip shown in Figure 3A, enabling consistent heating
without threatening the integrity of the Cu tape contact. The fabrication method is described in
Figure 4, where an additional “adhesive layer”, in this case consisting of non-doped SMP, has been
added to give added bending strength, increased surface compliance (described later) and a smoother
surface finish. The finished sheet may be cut arbitrarily to create adhesive strips with one electrically
conductive side, and one adhesive side. The entire sheet consists of an SMP functional material, as
depicted in Figure 5.

Figure 3. (A) Infrared and visible spectrum images of a homogeneous strip of 15 wt% CB
doped SMP with applied voltage, showing excessive power dissipation at the tape contact
regions; and (B) Similar images of a composite strip with 30 wt% islands and 15 wt%
filler, showing the power dissipation now occurs mostly between the tape contact regions,
within the more resistive filler material.

(A) Cu tape contact regions

Figure 4. The fabrication method for the composite SMP conductive layer is shown.
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Figure 5. (A) A composite carbon-doped SMP sheet with 30 wt% islands and 15 wt%
filler; (B) A strip of the sheet is heated above its 7, by internal joule heating and deformed;
(C) The material’s shape fixing property allows the strip to maintain its deformed shape
when cooled; and (D) An adhesive layer comprised of non-doped SMP is applied to the

conductive composite, viewed from the side and (E) the conductive face.

The electrical properties of the 15/30 CB composite strips are characterized for comparison to the
homogeneous CB/SMP values in Figure 2. The contact resistance measured for the composite strips
using the steel clip method is much closer to the 15 wt% CB value than expected, most likely because
contact pressure from the alligator clip is applied unevenly, more heavily weighted towards the edge of
our samples which consist of the 15 wt% CB/SMP material. Surprisingly, the bulk resistivity is also
increased compared with the homogeneous 15 wt% CB/SMP samples. This is most likely explained by
the existence of an additional interfacial resistance between the 15 and 30 wt% CB/SMP components
within the composite. It was observed that air bubbles were easily trapped within the CB/SMP
mixtures during mixing and resulted in small internal voids after curing. It is likely these bubbles are
especially prevalent at the interfaces between the composite components, resulting in an increased
resistance to current flow. The ratio of bulk to surface resistivities is compared to the homogeneous
blends in Table 1, indicating a significantly increased ratio particularly in the case of the Cu tape
contact, which as previously stated is a desirable quality for bulk heating.

Treating the 15/30 CB composite as a repeating pattern of parallel and sequential resistors, a rough
estimate of the expected effective bulk resistivity may be calculated using the homogeneous CB/SMP
data. Likewise, an effective contact resistivity may be estimated from the homogeneous data. These
calculated estimates are provided in Table 2 along with the corresponding experimentally determined
values. The calculated values assume simple, 1D current flow, and so it is unsurprising that the
experimental values are greater. The significant increase over the calculated values again indicates
additional interfacial resistances within the composite material, which would affect the data used to
calculate contact resistivity as well as the bulk resistivity.

Table 2. Comparison of experimentally determined 15/30 CB composite resistivities to
estimates calculated from homogeneous test data.

Material Property Calculated Experimental
Bulk Resistivity (2m) 0.089 0.396
Contact Resistivity (Qm?) 0.0040 0.0094
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In addition to conferring electrical conductivity, adding CB to polymers is known to affect
mechanical properties. Specifically, an increase in storage modulus and hardness are to be
expected [21,22]. Dynamic mechanical analysis measurements of 10 and 20 wt% CB/SMP
blends are compared with a non-doped control sample in Figure 6A. Storage modulus (£") is shown to
generally increase with increasing CB loading, particularly when above the material’s 7, around 40 °C.
Since the increase in compliance above T is a fundamental feature for the operation of our adhesive,
this increase in E' above T, is a negative consequence of the added CB. However, the addition of a
non-doped SMP layer as the adhesive interface as shown in Figure 4 negates this potential problem.
The tan 6 curves provide additional assurance that the 7, undergoes only slight variation due to the
addition of CB into the SMP. Comparing the non-doped SMP curves to those reported in Reference [19]
shows essentially identical results. The final property of significant interest is whether the shape fixity
and recovery of the non-doped SMP is maintained with added CB. Several initially-straight bars of
varying CB/SMP blends are shown in Figure 6B, bent and fixed into a horse-shoe shape with a loaded
separation of ~1.5 mm. Upon unloading, this gap changes only a trivial amount up to a CB loading of
25 wt%, the highest loading tested, indicating that CB loading does not significantly impact the SMPs
excellent shape fixity. Upon reheating, Figure 6C indicates similarly excellent shape recovery of each
tested sample, with only perhaps a slight bend remaining in the 25 wt% CB/SMP.

Figure 6. (A) Dynamic mechanical analysis (DMA) curves for various levels of CB-doped
SMP. The SMP (B) shape-fixing and (C) shape-recovery properties are minimally affected
by carbon doping, demonstrated using initially-straight material strips.
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The SMP formulation used for our dry adhesive system has been previously shown to demonstrate
excellent adhesive performance to smooth glass surfaces [13]. In that work, test samples with
interfacial areas of 0.32 cm® were externally heated and required preload of about 40 N/cm® during
bonding to generate a maximum adhesion of approximately 200 N/cm?. To compare our CB/SMP dry
adhesive with the previous results, adhesive tests were performed using similar preload for 55 x 5 mm
strips (2.75 cm?), heated by 2 W of internal joule heating using a 60 V power source. The CB/SMP test
strips were fabricated in a U-shape with smooth, flat glass as the test substrate. The resulting adhesion
averaged approximately 30 N/cm®. The reduction in adhesion strength as compared to the previous
work is most likely primarily due to thermal contraction increasing interfacial stresses as lateral
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dimensions of the adhesive increase. Over the usual range of bonding temperatures the CB/SMP
adhesive expands and contracts on the order of 1% due its large thermal expansion coefficient on the
order of 200 pm/mK [13]. It was observed during loading that failure of the SMP-substrate interface
occurs suddenly, analogous to brittle fracture. The role of thermal contraction is further indicated by
the occurrence of spontaneous fracture in large samples (cm scale) even in the absence of load if
the difference between bonding temperature and ambient temperature is too great. For this reason,
interface temperatures were limited to 75 °C, compared with the previous work which used a standard
of 90 °C for bonding temperature. It is a general trend that adhesion for the selected SMP increases
with temperature; therefore, reduced bonding temperature is likely a secondary cause for the
lower-than-expected adhesion. Surface patterning to promote crack trapping would likely alleviate the
issue of catastrophic failure due to localized interfacial stresses. The stresses may be further reduced by
adding a less-rigid layer as the adhesive interface in place of the SMP. As the bulk SMP contracts, the
more compliant surface material would deform more easily to reduce the buildup of interfacial stresses.

The adhesive performance of our finished CB/SMP composite adhesive is demonstrated in Figure 7
on curved surfaces. First, a CB/SMP strip 15 mm wide by 65 mm long is heated using a 70 V power
supply with Cu tape forming the electrical contacts on opposing ends. The now-compliant strip is
pressed using finger pressure to a 4.25 inch diameter clean glass cylinder, covering a 70° arc. The
pressure is maintained as the power supply is turned off, resulting in a strong, rigid bond. A 10 Ib
weight is supported by the strip, indicating an adhesive strength in excess of 4.6 N/cm®. It is believed
that the reduction in adhesion compared with the flat CB/SMP strip tests is due largely to the greatly
reduced preload applied during bonding. It was observed after bonding that some areas were not in
proper contact after cooling, partly from trapped air pockets and partly from thermal contraction as
explained above. Testing the adhesion of the strip necessitated choosing a pick point; in this case,
the weight was applied to the center of the strip, creating an additional localized concentration of stress
on the interface thus reducing the apparent adhesion. This was likewise the case for the concave-surface
demonstration, for which a 25 mm wide by 45 mm long CB/SMP strip was bonded using finger
pressure to the inside of a watch glass. This configuration yielded a failure strength exceeding
5.9 N/em?; again, less than the result from the smaller and higher-preload flat strip tests. Surface
patterns designed to promote crack trapping could also effectively alleviate the issues of air entrapment
by creating pathways for the air to escape during bonding. Increased preload during bonding or the use
of a softer and/or stickier adhesive layer in place of or in addition to the non-doped SMP would also be
expected to increase performance by helping to reduce thermally-induced interfacial stresses and
reducing the necessary preload to ensure proper surface contact. As a final demonstration in Figure 7E,
a composite SMP adhesive is gently removed from the glass by heating and peeling, thus achieving the
desired adhesive reversibility.

A brief collection of representative conventional, or “wet”, and dry adhesive strengths are given in
Table 3. Fibrillar adhesives are typically tested in shear, since this is also typically their direction of
maximum strength and reversibility. It is stressed that wet adhesives are fundamentally different than
dry adhesives, and should not be treated as a competitor to dry adhesive systems. A dry adhesive bond
is by nature a temporary one, whereas the use of wet adhesives is usually intended as a permanent
bond between two surfaces. Both the uses for the methods of action of each are very different.
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Figure 7. (A) An adhesive strip is internally heated and bonded to a curved glass surface
covering a 70° arc (B); (C) The bonded strip supports a 10 1b weight; (D) A bonded strip
supports 15 lbs on a concave glass surface, shown in greater detail in (E); and (F) Heating
the bonded strip allows for easy peel removal.

s

Table 3. Conventional “wet” adhesive and representative fibrillar dry adhesive strength for
comparison to the adhesive described in this work.

Classification Adhesive Adhesive Strength (N/em?) Substrate (s) Reference
Mussel adhesive extracts 10-300 Skin to skin [24]
Cyanoacrylates 1500 Steel to Al Master Bond (MB)
Wet (super glue) 210 Steel to butyl Series data sheets
(permanent, requires 1170-1320 (shear) Steel to steel 3 M technical
: 3 M Epoxy 2216 B/A - X
cure time) 900 (shear) Plastic to plastic data sheet
LOCTITE 2300 (shear) Glass to glass ~ LOCTITE technical
epoxy E-120HP 150 (shear) Acrylic to acrylic data sheet
Carbon nanotube fibers 3—-150 (shear) .
Glass/plastic [8]
Dry Polymer fibers 0.2—15 (shear)
(reusable, reversible, Gekko gecko 10 (shear) Acetate sheet [5]
no cure time) SMP (<cm) 200 Glass [13]
SMP (>cm) 5-30 Glass This work

4. Conclusions

We demonstrated the feasibility of creating an electrically conductive epoxy-based SMP as a
functional component in a dry adhesive system which can operate on flat or curved surfaces.
The adhesive may be fabricated in sheets that can be arbitrarily cut to size and the pieces connected
easily to a power source using electrically conductive tape on the surface. The bulk resistivity of our
CB/SMP blends has sensitivity to increasing CB concentration in line with published data for other



Polymers 2014, 6 2285

CB-doped polymer blends. Contact resistance is more strongly affected by CB concentration than bulk
resistivity, especially when electrical contact is made by conductive adhesive tape. This fact may be
utilized to create a composite conductive layer that combines low surface resistivity to make external
electrical contact with relatively large bulk resistivity for internal power dissipation. Adding CB to the
SMP increased the storage modulus, particularly above its 7,, while the 7, range was relatively
unaffected. The operation of our adhesive is intended to be used with finger pressure to bond against
smooth surfaces. For this purpose, greater adhesion may be generated by using a softer SMP and/or an
intrinsically “sticky”” material within the adhesive layer.

Acknowledgments

The carbon black used for this work was generously supplied by Cabot Corporation, Boston, MA,
USA. We would like to thank Huntsman for providing the Jeffamine D230, as well as Momentive for
providing the EPON 826. We would also like to thank the staff at the Frederick Seitz Materials
Research Lab (MRL) at the University of Illinois for their contribution in providing the Q800 DMA
used for this work, and the MechSE Rapid Prototyping Lab for their quick service in providing
several molds of various design. This work was supported by the National Science Foundation (NSF)
(CMMI-1351370).

Author Contributions

The reported research was designed by Seok Kim and performed by Jeff Eisenhaure. The paper was
written by Jeff Eisenhaure with Seok Kim as the principal investigator.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Autumn, K.; Liang, Y.A.; Hsieh, S.T.; Zesch, W.; Chan, W.P.; Kenny, T.W.; Fearing, R.;
Full, R.J. Adhesive force of a single gecko foot-hair. Nature 2000, 405, 681-685.

2. Autumn, K. Gecko adhesion: Structure, function, and applications. MRS Bull. 2007, 32, 473-478.

3.  Autumn, K.; Dittmore, A.; Santos, D.; Spenko, M.; Cutkosky, M. Frictional adhesion: A new
angle on gecko attachment. J. Exp. Biol. 2006, 209, 3569-3579.

4. Gravish, N.; Wilkinson, M.; Sponberg, S.; Parness, A.; Esparza, N.; Soto, D.; Yamaguch, T.;
Broide, M.; Cutkosky, M.; Creton, C.; et al. Rate-dependent frictional adhesion in natural and
synthetic gecko setae. J. R. Soc. Interface 2010, 7, 259-269.

5. Irschick, D.J.; Austin, C.C.; Petren, K.; Fisher, R.N.; Losos, J.B.; Ellers, O. A comparative
analysis of clinging ability among pad-bearing lizards. Biol. J. Linn. Soc. 1996, 59, 21-35.

6. Peattie, A.M.; Full, R.J. Phylogenetic analysis of the scaling of wet and dry biological fibrillar
adhesives. Proc. Natl. Acad. Sci. USA 2007, 104, 18595-18600.

7. Kim, S.; Sitti, M.; Xie, T.; Xiao, X. Reversible dry micro-fibrillar adhesives with thermally
controllable adhesion. Soft Matter 2009, 5, 3689—3693.



Polymers 2014, 6 2286

10.

1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

Hu, S.; Xia, Z. Rational design and nanofabrication of gecko-inspired fibrillar adhesives. Small
2012, 8, 2464-2468.

Kwak, M.K.; Pang, C.; Jeong, H.-E.; Kim, H.-N.; Yoon, H.; Jung, H.-S.; Suh, K.-Y. Towards the
next level of bioinspired dry adhesives: New designs and applications. Adv. Funct. Mater. 2011,
21,3606-3616.

Mengii¢, Y.; Yang, S.Y.; Kim, S.; Rogers, J.A.; Sitti, M. Gecko-inspired controllable adhesive
structures applied to micromanipulation. Adv. Funct. Mater. 2012, 22, 1246—1254.

Bartlett, M.D.; Croll, A.B.; King, D.R.; Paret, B.M.; Irschick, D.J.; Crosby, A.J. Looking beyond
fibrillar features to scale gecko-like adhesion. Adv. Mater. 2012, 24, 1078—1083.

Krahn, J.; Sameoto, D.; Menon, C. Controllable biomimetic adhesion using embedded phase
change material. Smart Mater. Struct. 2011, 20, doi:10.1088/0964-1726/20/1/015014.

Eisenhaure, J.D.; Xie, T.; Varghese, S.; Kim, S. Microstructured shape memory polymer surfaces
with reversible dry adhesion. ACS Appl. Mater. Interfaces 2013, 5, 7714-7717.

Xie, T.; Xiao, X. Self-peeling reversible dry adhesive system. Chem. Mater. 2008, 20, 2866—
2868.

Wang, R.; Xiao, X.; Xie, T. Viscoelastic behavior and force nature of thermo-reversible epoxy dry
adhesives. Macromol. Rapid Commun. 2010, 31, 295-299.

Xie, T. Recent advances in polymer shape memory. Polymer 2011, 52, 4985-5000.

Santhosh Kumar, K.S.; Biju, R.; Reghunadhan Nair, C.P. Progress in shape memory epoxy resins.
React. Funct. Polym. 2013, 73, 421-430.

Liu, C.; Qin, H.; Mather, P.T. Review of progress in shape-memory polymers. J. Mater. Chem.
2007, 17, 1543-1558.

Xie, T.; Rousseau, I.A. Facile tailoring of thermal transition temperatures of epoxy shape memory
polymers. Polymer 2009, 50, 1852—1856.

Miinstedt, H. Rheological experiments at constant stress as efficient method to characterize
polymeric materials. J. Rheol. (1978-Present) 2014, 58, 565-587.

Huang, J.-C. Carbon black filled conducting polymers and polymer blends. Adv. Polym. Technol.
2002, 21,299-313.

Huang, J.-C.; Wu, C.-L. Processability, mechanical properties, and electrical conductivities of
carbon black-filled ethylene-vinyl acetate copolymers. Adv. Polym. Technol. 2000, 19, 132—139.
Reeves, G.K.; Harrison, H.B. Obtaining the specific contact resistance from transmission line
model measurements. IEEE Electron. Device Lett. 1982, 3, 111-113.

Ninan, L.; Monahan, J.; Stroshine, R.L.; Wilker, J.J.; Shi, R. Adhesive strength of marine mussel
extracts on porcine skin. Biomaterials 2003, 24, 4091-4099.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



