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ELECTROSPUN POLYMERIC MEMBRANES FOR ADHESION
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Department of Mechanical Engineering, the University of Akron
Akron, Ohio, 44325-3903, United States
*Email: swong@uakron.edu

Introduction

With growing interest in detachable adhesives,
new materials are explored such as the types that
employ elastomers, thermoplastics, and pressure-
sensitive polymers [1]. Generally, these adhesives
produce substantial shear adhesion strengths but are
considerably difficult to detach from surfaces.
Commercial high strength adhesives make use of
chemical interactions such as glues and permanently
attach two surfaces. Subsequently, fabrication of dry
adhesives with anisotropic force distributions has the
potential in several applications such as tapes,
fasteners, treads of wall-climbing robots, spiderman's
suits,  microelectronics, medical and space
applications.

High aspect ratio (AR) structures exhibit
significant shear adhesion strength compared to ones
with low AR(s) [2,3]. Electrospinning presents a
versatile technique for fabricating nanofibers with
significant AR [4,5]. Little has been done for
fabricating dry adhesives, which are electrically
insulating, and which possess significant shear
adhesion strength with easy normal detachment.

With use of electrospun nylon 6 nanofiber
membrane, we report herein the fabrication of
electrically insulating dry adhesives with high shear
adhesion strength for strong shear binding-on but
with substantial normal detachment strength (V) for
easy normal lifting-off. With the aid of microscopy
and microanalyses, we investigate the effects of the
fiber diameter, fiber surface roughness, and thickness
of membrane on their corresponding adhesion
strengths.

Experimental

Collection of Aligned Electrospun Fibers. Nylon
6 pellets (Sigma Aldrich, CAS 25038-54-4) are
dissolved in formic acid (EMD Corporation, CAS 64-
18-6) and magnetically stirred overnight. A syringe
pump is employed for maintaining a solution drop on
the tip of a stainless steel needle (Gauge 24). The
latter needle is attached to a 5 mL capacity syringe
filled with the solution. The needle is charged with a
high voltage of 25 kV. The gap distance between the
tip of the needle and the top of rotating disc collector
is set to be 150 mm. Collector has a diameter of 150

mm and electrospun fibers are collected at take-up
velocity of 20 m/s.

Fabrication of High AR Nanofiber Membrane.
After collecting electrospun fibers for 10 minutes, a
portion of the membrane is discarded to prepare the
surface of the collector for peeling. A small part of
the membrane is then placed on a glass slide using
the tapered tip of a needle. The glass slide is
thereafter rotated in the plane where membranes
overlap one another. Subsequently, membranes with
substantial thickness are obtained. These membranes
are then installed in a holder.

Atomic Force Microscopy (AFM). Contact-mode
AFM is performed for investigating the elastic
modulus of fiber E. A contact-mode probe (Veeco
Inc.), with a tip radius of 12 nm and a cantilever
spring constant of 0.125 N/m, is employed. The
diameter and surface roughness of fibers are
determined using tapping-mode AFM. A tapping-
mode probe (MikroMasch Inc.), with a tip radius of
10 nm and a cantilever spring constant of 40 N/m, is
employed. Scanning is done at a frequency of 0.5 Hz
and data are analyzed by employing SPI13800N probe
station software (Seiko, Inc.). Surface roughness of
the nanofiber is obtained by tracing a line along the
fiber axis. An average roughness of the fiber surface
is determined.

Macroscopic  Adhesion  Testing.  Nanofiber
membrane is finger-pressed on a glass slide and then
the weight is added to the end of the line. The weight
consists of a beaker which is incrementally filled
with water until membranes get separated from the
glass slide. The contact area between membrane and
a glass slide has a width and a length of 3 mm and 2
mm, respectively. The only two parameters which
vary are T and d. No external normal load is applied
to the membrane while being tested.

Results and discussion

Effects of Membrane Thickness (T) and
Nanofiber Diameter (d) on Shear Adhesion. As
shown in Figure 1A, nanofiber membrane displays
low shear adhesion strengths for T less than 12 pm.
However, for T ranging between 15 pm and 40 pm,
the shear adhesion strength of nanofiber arrays
substantially increases with rising T and reaches peak
values. For T greater than 40 um, the shear adhesion



strength of membrane is significantly reduced with
increasing T and reaches considerably low values
above T of 80 um. Shear adhesion testing is
performed at an angle 6 of 0° with the glass slide.
The highest shear adhesion strength of 27 N/cm? is
reached for membranes having fibers with d of 50 nm
and T of 30 - 40 pm. A glass beaker is filled with
water (total weight of 170 g, shear adhesion strength
of 28.3 N/cm® and carried by a small piece of
membrane (3 mm by 2 mm). This shear adhesion
strength is 415% greater than the one reported for PC
nanofiber-based dry adhesives [6]. As shown in
Figure 1B, nanofibrous membranes may be
considerably flexible with a weak tensile strength for
T less than 12 um. Subsequently, these membranes
are expected to retain a minimal real contact area
with a substrate. Thus, the latter membranes have
limited van der Waals (vdW) interactions and hence
could not carry a heavy load. Nevertheless, as
presented in Figure 1C, it is suggested that the
flexibility and tensile strength of membranes reach
optimum performances for T between 30 and 40 um.
Thus, membranes retain a significant real contact
area with the glass substrate during loading, which
leads to a substantial shear adhesion strength.
However, as shown in Figure 1D, it is proposed that
nanofibrous membranes start losing their flexibility
for T greater than 40 um. This phenomenon causes an
extensive decrease in the real contact area between
the fibers and the glass slide leading to deteriorating
shear adhesion strength.

shear adheslon strength (Nicm?)

1

't j" I ot ., 1
(ol Lt A s S =l
= A T = e
A —— ]
L . .

40 6
T (um)

Figure 1. Shear adhesion strength as a function of T
for aligned fiber membranes attached onto a glass
slide with a preloading of 2kg.

Effects of Fiber Packing Density and Fiber
Surface Roughness on Adhesion. As shown in Figure
2A-E, the packing density of fibers is noticeably
enhanced with decreasing d. This enhancement is
suggested to augment vdW interactions between the
fibers and the substrate leading to an upsurge in shear
adhesion strength. As shown in Figure 2F, d
extensively diminishes with decreasing concentration
of polymer solution (R). The fiber packing density is

characterized via SEM (FEI Quanta 200). Theoretical
studies have shown that significant adhesion could be
obtained by size reduction. Furthermore, the side
contact of fibers with a substrate over a large contact
area causes significant adhesion.

Figure 2. (A-E) Scanning electron microscopy
(SEM) images of electrospun nylon 6 fibers with
different d(s): 300 nm, 135 nm, 115 nm, 85 nm, and
50 nm, respectively. (F) d as a function of R.

As shown in Figure 3, the surface roughness of
fibers considerably diminishes with decreasing d. The
latter decrease leads to a significant enhancement in
shear adhesion strength between membrane and a
substrate due to a considerable proliferation in the
effective contact area.
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Figure 3. The surface roughness of a nanofiber as a
function of d.

Normal Adhesion Force. Membranes are easily
peeled off a glass slide for 6 = 90°. For a contact area
of (3x2) mm? with a glass slide, the normal adhesion
force of the membranes is roughly 0.015 N,
regardless of d and T. Meanwhile, the maximum
shear adhesion force for nanofiber arrays is 1.6 N
(Fibers with d of 50 nm) which leads to a V = 100.
Thus, these nylon 6 fiber membranes are 10 times
easier to detach from a glass slide in the normal
direction dry adhesives. This significant V value is
suggested to be due to the high AR of the nanofibers
in this work compared to the latter ones. Thus, a
significant decrease in the effective contact area
between the nanofibers and the substrate arises
during vertical detachment, which leads to an easy
normal lifting-off.



Effect of Nanofiber Bending Stiffness on
Adhesion. The bending stiffness of a nanofiber is b =
EI where I is the moment of inertia of the cross
section of a nanofiber [6]. The indentation of a
cantilever tip into the nanofiber is directly
proportional to lateral deflection of the cantilever
(4X) [1]. According to the Hertz model, 4X is
defined as h = [3(1 —v?)f/(4 a®SE)]?/® where a is
the AFM probe tip radius, v the Poisson’s ratio of the
tested material, and f the applied normal load on a
fiber. f is directly proportional to a sinusoidal drive
signal (A). As shown in Figure 4, 4X continuously
rises with increasing A. Fibers with d of 300 nm
display the largest slope (P). Fibers with d of 50 nm
possess the smallest P where the latter is directly
proportional to E. P of fibers with d of 300 nm (P,)
is taken as a reference value for determining the
relative modulus of a fiber, E, = P/P,. As shown in
Figure 5A, E, for fibers with d of 50 nm is 6-fold
above the one for fibers with d of 300 nm. This
upsurge is mainly caused by the increase in
molecular orientation during electrospinning and
nanofiber collection when d diminishes. Thus, it
becomes more difficult for the tip of an AFM probe
to penetrate deeper in the polymer chains of a fiber
leading to a smaller AX value for a specific A value
[1]. Assuming that a nanofiber has a circular cross
section [7], I = nd*/64. The relative moment of
inertia is I, = I /1, = (d/dy)* where d, is 300 nm
and I, is I for d,. The relative bending stiffness is
b, = E.L. and thus b, = E,(d/dy)*. As shown in
Figure 5B, 1/b,. significantly rises with decreasing d
for fibers with d less than 120 nm. Fibers with d of
50 nm are 150 times more flexible than the ones with
d of 300 nm. As shown in insets of Figure 5B, this
noteworthy flexibility is suggested to cause a
substantial enhancement in the real contact area
between a nanofiber and a glass slide. This
enhancement could play a critical role to significantly
increase the shear adhesion strength between a
nanofiber and a glass slide.
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Figure 4. AX as a function of 4 for fibers with

varying d.
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Figure 5. (A) E, as a function of d. (B) 1/b, as a
function of d.

Conclusion

We presented a technique for fabricating
electrically insulating dry adhesives from electrospun
nylon 6 nanofibers. These adhesives possess shear
adhesion strength as high as 27 N/cm’ on a glass
slide. This measured value is 97-fold above normal
adhesion strength of the same adhesive. For a definite
d, the shear adhesion strength of membranes reaches
optimum values for a specific range of arrays
thicknesses while deteriorating otherwise. These
optimum values suggest that these arrays could retain
a significant real contact area with the substrate
during loading. Fiber bending stiffness and fiber
packing density are significantly increased with
decreasing d while fiber surface roughness is
noticeably reduced. These enhancements are
proposed to considerably increase the shear adhesion
strength between a nanofibrous membrane and a
glass slide. The drastic increase is mainly attributed
to a sizeable proliferation in vdW forces with
enhanced contact area. This finding enables us to
create electrically insulating dry adhesives with a
strong shear adhesion and relatively weak normal
adhesion for easy detachment.
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