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A nano-cheese-cutter to directly measure interfacial adhesion of

freestanding nano-fibers

Xin Wang," Johnny F. Najem,? Shing-Chung Wong,? and Kai-tak Wan'?
'Mechanical & Industrial Engineering, Northeastern University, Boston, Massachusetts 02115, USA
’Mechanical Engineering, University of Akron, Akron, Ohio 44325, USA

(Received 21 October 2011; accepted 14 December 2011; published online 27 January 2012)

A nano-cheese-cutter is fabricated to directly measure the adhesion between two freestanding
nano-fibers. A single electrospun fiber is attached to the free end of an atomic force microscope canti-
lever, while a similar fiber is similarly prepared on a mica substrate in an orthogonal direction. Exter-
nal load is applied to deform the two fibers into complementary V-shapes, and the force measurement
allows the elastic modulus to be determined. At a critical tensile load, “pull-off” occurs when the
adhering fibers spontaneously detach from each other, yielding the interfacial adhesion energy.
Loading-unloading cycles are performed to investigate repeated adhesion-detachment and surface
degradation. © 2012 American Institute of Physics. [doi:10.1063/1.3677947]

. INTRODUCTION

Freestanding structures are ubiquitous in the modern era
of nanotechnology, especially in electronics, nano-materials
development, bioengineering, and nano-fiber meshes. In
micro- and nano-electromechanical systems (M/NEMS),
beams, bridges, diaphragms, and switches are indispensable
components. Performance and reliability of the micro-devices
depends critically on the adhesion or stiction of these free-
standing components in the presence of intersurface forces,
electrical field, and environment such as moisture and menis-
cus.'* Nano-fibers produced by electrospinning®* are used in
protective clothing,” orthopedic prosthesis,’ biomedical scaf-
folds,” and drug delivery.® Extensive theoretical modeling and
experimental techniques are developed in the literature to
characterize nano-structures such as graphene,9 nano—ﬁbers,lo
carbon nano-tubes, L12 gecko’s satae,13 and DNA chain,14 but
direct measurement of fiber-fiber adhesion to a high resolution
is unavailable in the literature. The need for a viable method
is even more pronounced in characterizing the mechanical in-
tegrity of a fiber mesh in terms of the stiffness and adhesion
of individual fibers.'>"'® The indispensable interfacial proper-
ties of fiber-fiber adhesion is by and large ignored in the litera-
ture, though it is obvious that without which the mesh cannot
stay intact mechanically upon external loads."”

In this paper, we report a novel nano-cheese-cutter to
characterize freestanding nano-fibers for their elastic modu-
lus and inter-fiber adhesion with nN and nm resolutions. The
method can be readily adapted for other aforementioned
1-dimensional structures. The celebrated surface force appa-
ratus'® measures the intersurface forces between two atomi-
cally smooth surfaces in a crossed-cylinder configuration.
Here we adopt a similar geometry for freestanding fibers,
and will experimentally investigate behavior of electrospun
fibers as a demonstration. A theoretical model will be
derived from the first principles to extract materials parame-
ters from experiments.

¥ Author to whom correspondence should be addressed. Electronic address:
ktwan@coe.neu.edu.

0021-8979/2012/111(2)/024315/6/$30.00

111, 024315-1

Il. EXPERIMENT

Sample preparation, experimental setup, adhesion meas-
urements, and data analysis are discussed in details. Lengthy
derivation of the theoretical model is given in Appendixes A
and B.

A. Sample preparation

Electrospun nano-fibers were fabricated as follows. Ny-
lon 6 pellets (Sigma Aldrich CAS 25038-54-4) with density
1.084 g-ml~" were dissolved in 88% formic acid (EMD
Corporation CAS 64-18-6). The solution was diluted to 25%
in weight and magnetically stirred overnight. A syringe
pump generated a pressure to maintain a sessile drop at the
tip of a 0.559 mm gauge 21 stainless steel needle. The 25
mm long needle was attached to a 5 ml syringe filled with
the aforementioned solution. Electrospinning was then per-
formed with solution feed rate (FR) at 2.0 ul-min ' and
applied voltage at V=20 kV at ambient temperature and
relative humidity of 50%. The nano-fibers produced were
collected by a ¢»150 mm rotational disk collector at a take-up
velocity (TUV) of 142 m-s '. Nano-fibers of desirable
diameter range and crystal alignment can be adjusted by
varying FR, V and TUV simultaneously or separately.

B. Fixture for nano-cheese-cutter

A flat tipless atomic force microscope (AFM) cantilever
(Applied NanoStructure, Inc.) was chosen to support the
sample fiber because of its high precision in force and dis-
placement measurement. The deflection sensitivity was cali-
brated by repeated contact mode indentation on a freshly
cleaved muscovite mica surface in air with sweep duration
of 1.04s, and the spring constant was found to be
0.152+0.02 N-m ' by the Cleveland method.'® Using a
high resolution micro-manipulator (AutoMate Scientific)
combined with a stereomicroscope (Olympus, BX51), two
identical glass microspheres with a diameter of 30-50 um
(Potters Industries) were attached to the free end of an AFM
cantilever using epoxy (AeroMarine TM 400) with a

© 2012 American Institute of Physics
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designated separation of 50—120 um (Fig. 1(a)). The epoxy
was then cured after 2 h at 90°C. A complementary pair of
microspheres was similarly attached to the surface of an
atomically smooth mica sheet (Fig. 1(b)). Before any fibers
were attached to the spheres, the baseline of zero applied
load, F=0, was established. Using an inverted optical
microscope (Olympus, GX 71), the cantilever was precisely
positioned such that the midpoint of the sphere-sphere sepa-
ration on AFM cantilever was immediately above that of the
other two spheres on mica in an orthogonal orientation. An
AFM (Agilent 5500) then measured forces as the cantilever
being slowly driven vertically downwards through a dis-
placement of wy while F(wy) was recorded simultaneously.
The intersurface forces between the spheres and mica surface
were measured consistently and repeatedly in nano-Newton
range. All force measurements hereafter had such baseline
taken into considerations.

C. Nano-cheese-cutter

A freestanding electrospun fiber was picked up by
micro-capillary needles (Tritech Research) using the micro-
manipulator. Both ends of a taut fiber were glued by epoxy
to the two microspheres on AFM cantilever, forming a nano-
cheese-cutter, now aligned with the cantilever axis (denoted
by subscript 1 hereafter) as shown in Fig. 1(a). Another simi-
lar fiber was similarly attached onto the microspheres on
mica (denoted by subscript 2) as shown in Fig. 1(b). The
fiber diameter, d; and the fiber length, 2/; were freely cho-
sen, and were measured post-mortem by scanning electron
microscopy (SEM, Carl Zeiss AG Supra 25). The fibers were
made as taut as possible, but sagging remained inevitable
which will show up in subsequent measurements (see later
section). Orthogonal crossed-cylinder geometry was adopted

f Freestanding\ .
Fiber

substrate

(©) (d)

Muscovite mica
substrate

AFM cantilever

Muscovite mica

J. Appl. Phys. 111, 024315 (2012)

here. The cheese-cutter was then driven vertically down-
wards to interact with the other fiber (Figs. 1(c) and 1(d)).
Both quasi-static and loading-unloading cycles were per-
formed. Throughout the loading process, the rigid epoxy did
not show any yielding or slippage at the fiber-microsphere,
cantilever-microsphere, and mica-microsphere junctions.

D. Mechanical characterization and adhesion
measurement

Figure 2 shows loading (ABC) and unloading
(CDGHIK) trajectories. Along AB, the fibers were either too
far apart to be interacting or one sagging fiber simply hung
on the other fiber with its negligible weight. No long range
intersurface force was measured along AB. At B, the fibers
were in adhesion contact and both became taut. Further com-
pression along BC stretched the cheese-cutter into an
inverted V-shape and the lower fiber into a complementary
V-shape. The theoretical constitutive relation is given in
Appendix A. Since (wo/d) >3, the fiber appears thin and
flexible, and elastic stretching is the dominant deformation
mode. The constitutive relation of a single fiber is given by
equation (A9) to be F = (nEd?*/413)wy>. For two interacting
fibers, the vertical forces acting on each fiber are of the same
magnitude (F; =— F,), therefore,

_TCE [1 12
4

-3
L2 ) Wl 1
PR d22/3> 0 (D

where wo = (Wg); + (Wp)> is now the total central displacement
of the two fibers. The relation F o< wy? yields a linear depend-
ence of log[F/(nd,*/4)] upon log[(w),/l>] with slope of 3.
Figure 2(b) shows the force data along BC in a log-log plot
against the expected cubic relation of F(wy). The elastic

Freestanding
fibg/ -

FIG. 1. (Color online) (a) Scanning electron
(SEM) micrograph of a nano-cheese-cutter at
one end of an AFM cantilever. (b) SEM micro-
graph of an overhanging freestanding fiber on
mica substrate. (c) Schematic of the contact
between two fibers arranged in a crossed-
cylinder geometry. (d) In the presence of exter-
nal tension, the cheese-cutter (top) deforms into
V-shape and the overhanging fiber (bottom) an
inverted V-shape.
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FIG. 2. (Color online) (a) Typical force-displacement measurement
showing paths of loading (ABC) and unloading (CDGHIJK). Here
di=109*16 nm and /;=91*48 um, and d>,=580*20 nm and
I, =97 =5 um. (b) Force curve along path BC for several sample fibers and
curve fit. Only every other fifth data point is shown for clarity.

modulus was found to be £=14.70 = 0.75 GPa. The desig-
nated maximum vertical displacement, (w),,,.,» Was reached at
C. Upon unloading, the cantilever retracted along CD, which
did not retrace BC due to fiber viscoelasticity. Plastic deforma-
tion was ruled out because subsequent loading-unloading
cycles were reversible (see later). Along DG, the external load
virtually vanished (F =~ 0), indicating either one or both fibers
were sagging. At G, the fibers became taut again and the
applied load turned tensile (¥ < 0). The fibers deformed along
GH into a mirror image to CD, with the cheese-cutter now in a
V-shape (Fig. 1(d)). The two force curves of CD and GH coin-
cided if one F was reversed in sign, and yielded the same elas-
tic modulus. At H, an instability of “pull-off” occurred when
the fibers spontaneously detached from each other at a critical
tensile “pull-off” force, F*. The external load then vanished at
J, and no further inter-fiber interaction was observed along JK
and beyond. Force measurements were repeated using the
same cheese-cutter but several fibers on the mica substrate
with ranges of d, and /, as shown in Fig. 3(a). Without loss of
generality, all force curves, F(wg), were artificially shifted to
coincide at “pull-off” in order to compare F*. The cheese-
cutter was believed to be sagging, since all F(w() showed simi-
lar characteristics (cf. DG in Fig. 2). The larger the pull-off
force, the stronger the adhesion and thus higher the adhesion
energy, y. Appendix B outlines the adhesion model used to
extract the materials parameter. Since the Tabor parameter
falls in the range of uy ~ 0.1 to 0.15, the Derjaguin-Muller-
Toporov (DMT) theory? is assumed here which gives
F*=—nd y with the effective diameter, d = (d, ' +d,~")"".
The interfacial adhesion energy is found to be y =71.0 = 13.3

J. Appl. Phys. 111, 024315 (2012)
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FIG. 3. (Color online) (a) Force measurements of the same fiber on AFM
cantilever (d; =109 =16 nm and /; =91 = 4.8 um) adhering to fibers on
mica with d, and /, indicated. (b) Pull-off force as a function of mica fiber
diameter. Circles are data from first fiber on AFM (cf. Fig. 3(a)) and triangle
from second fiber on AFM (cf. Fig. 4(a)). Dashed curve shows the DMT pre-
diction based on d; =109 = 16 nm and y =71.0 = 13.3 mJ - m 2.

mJ-m 2 Figure 3(b) shows F* as a function of d, fitted to the
theoretical model. Adhesion is fairly independent of the fiber
diameter for Nylon 6, contrasting other fibers that show an
increasing adhesion for smaller diameters.”'

To ensure consistency, another nano-cheese-cutter was
prepared on yet another AFM cantilever. Figure 4(a) shows
the loading-unloading cycles in the same two fibers. Both
fibers appeared to be initially taut and throughout loading,
because the F'=0 section between unloading and “pull-off”
was clearly absent (cf. path DG in Fig. 2). Contrasting the
first cheese-cutter, the initial compressive load gave rise to a
linear rather than cubic F(wy). Here the maximum central
displacement of each fiber was roughly its diameter,
(Wo)max ~ d, fiber bending, rather than stretching, is the dom-

inant deformation mode, and Eq. (A8) reduces to
F = (3nEd*/81°)wy. For two interacting fibers,
3nE (13 L3\
F=—1|—+—) wo 2
8 <d14 t) @

The elastic modulus matches with the value found in the first
cheese-cutter. The first five loading-unloading cycles showed
virtually identical force measurement F(w), indicating re-
versibility of elastic deformation and even adhesion-
detachment. The subsequent five cycles showed progressive
deviation with increased sagging length and wiggles in
F(wg), presumably due to plastic yielding, surface roughen-
ing, degradation and wear at the small fiber-fiber contact af-
ter multiple detachments. Figure 4(b) shows F* as a function
of loading-unloading cycles, suggesting a fairly constant
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FIG. 4. (Color online) (a) Loading-unloading cycles performed by fibers
with d; =140 = 13 nm and /;, =42.73 = 0.27 um, and d, =241 = 36 nm and
1, =36.66 = 0.04 um. (b) “Pull-off” force as a function of loading cycles.
Adhesion energy deduced from F* measured in the first 5 cycles is
y=62.9=*10.7mlJ- m 2 (dashed line).

adhesion energy at least in the first 5 runs. These measure-
ments were specific to the system described above. The num-
ber of reversible loading-unloading cycles and degree of
deterioration might vary accordingly, if the dimension, yield
strength and materials nature of the fibers, as well as the
maximum vertical displacement of the nano-cheese-cutter,
were changed.

lll. DISCUSSION

We have demonstrated direct adhesion measurement of
two freestanding polymer nano-fibers at right angle using a
nano-cheese-cutter. The technique offers a number of unique
features: (i) contrasting the point load in conventional AFM
probes and nano-indenters, the present geometry allows a
line load to be applied to a sample; (ii) both elastic modulus
and adhesion strength can be measured in a single setup; (iii)
the two interacting fibers can be made similar or dissimilar,
e.g., different chemistry, with/without coating, and hollow/
solid fibers, etc; and (iii) experiments can be conducted in a
desirable aqueous environment at elevated temperature.

Despite the remarkable similarity in the crossed-
cylinder goemetry, the nano-cheese-cutter is quite different
from the surface force apparatus (SFA).'® In SFA, atomically
smooth mica flakes are attached to the surface of two large
glass cylinders. Upon a compressive load, an adhesion con-
tact circle is produced where the stress within is governed by
the Hertz contact theory. Elastic modulus can be measured
but is essentially confined to the compression mode. The
adhesion energy is deduced from the measured critical “pull-

J. Appl. Phys. 111, 024315 (2012)

off” force. The relatively large contact area usually leads to
the Johnson—Kendall-Roberts (JKR) type of adhesion
mechanics. In contrary, in a nano-cheese-cutter, radii of the
two cylindrical fibers are much smaller. Local deformation
at the contact circle is too small to be characterized, but the
global stretching of the fiber along its length can be accu-
rately measured and the elastic modulus of tension deduced.
The very small contact circle here makes the intersurface
force range appear large, and thus the Derjaguin—Muller—
Toporov (DMT) type of adhesion is applicable. The nano-
cheese-cutter provides a unique way to gauge mechanical
integrity of individual fiber and fiber mesh.

IV. CONCLUSION

A nano-cheese-cutter is designed and fabricated to
directly measure the elastic modulus of electrospun nano-
fibers and adhesion energy of fiber-fiber interface. The tech-
nique is also capable of investigating fatigue and repeated
adhesion-detachment. The measurements have significant
impact in the mechanical performance of fiber mesh where
inter-fiber adhesion holds the key to integrity, as well as per-
formance of micro-/nano-devices with movable bridges and
cantilevers.
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APPENDIX A: THEORETICAL MODEL FOR CLAMPED
FIBER UNDER CENTRAL LOAD

The linear elastic solution for a clamped fiber deformed
under mixed bending and stretching is not available in literature.
The analytical solution is derived from the first principles for a
single fiber deformed at the midpoint. Figure 5 shows a residual
stress free fiber with diameter, d, length, 2/, elastic modulus, E,

F.o

|

x=1

£=1

FIG. 5. (Color online) Schematic of a freestanding fiber loaded at the mid-
point for several central displacements.
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being loaded at the midpoint by an external load, F. Elastic de-
formation occurs and the fiber profile becomes w(x) with x being
the distance from one clamped end and a central displacement,
wo = w(x=[). The governing equation is given by
KV — TV?w = Fo(x) (Ala)
with V7 the Laplacian operator in rectangular coordinates.
Equation (Ala) can be rewritten as

2
OW = G)x — M, (Alb)

o
with the bending moment My = M|, — ;. Boundary conditions
are identified as w(x=0)=0and W (x=0)=w' (x=0)=0
with ' = 0/0x. The stress-strain relation is given by 6 =F ¢,
or

T Ef E(' 1 [(dw)?
U—W— TJO(Sece—l)dx~7L§<a> dx (A2)

for 0=0w/dx and secO ~ 1+ 0*/2 for small 0. For sim-
plicity, a set of dimensionless parameters are defined as
follows:

P 2T _FP Mol
YT PN T T
Therefore, Eqs. (Alb) and (A2) become
o' — Bo = —&—m, (A3)
1 2
dow
2
= — | d¢, (A4)
4 L <dé>

respectively, with (¢ =0)=0 and o'((=0)=w' ((=1)=0
with '= 9/0&. An analytical solution to Eq. (A3) is found to
be

o= %{— sinh(B¢) + {%} [cosh(BE) — 1] + ﬁé}
(AS)
with a central deflection wy = w(& = 1) becomes
_ BT(1+ ef)’ [2 + B+ el (B~ 21
=\ 16eP 2B+ poosh f—3sinh f)| F(1+ef) |
(A6)
Substituting (AS) into (A4) yields
_ B(1 + ey’
¢= \/16eﬂ(2[>’ Y+ pooshfp—3smnp) AP

The exact constitutive relation, ¢(wg), can be found by
treating f§ as a varying parameter as both ¢(f) and wq(fo)
are functions of f8. It can be shown that ¢ o (wg)", where n
is the gradient given by n = d(log ¢)/0(log my). The exact
expressions for n(wg) or n(¢p) can be obtained by software
such as MATHEMATICA but are too lengthy to be explicitly
stated here.

J. Appl. Phys. 111, 024315 (2012)

Thick and stiff fibers possess a large x with minimal
axial stretching. Therefore, f — 0 and bending is dominant.
In such limit, equations (A5)—(A7) reduce to

2 3
® :% (% — %) and ¢ = 12 (A8)

or, ¢ oc wg, with n=1. The deformed profile and linear con-
stitutive relation match with the classical elastic solution.'?
On the other hand, thin and flexible fibers possess minimal
K, p — oo and stretching dominates. In the limit

o= wyé and ¢ = 8wy’ (A9)

or, ¢ oC (a)o)3 , with n = 3. The fiber is a classic V-shape with
straight overhanging arms. Such solution is not available in
classical linear elasticity literature. Note that equations
(A8)—(A9) are equivalent to equations (AS5)—(A7). Behavior
of fibers with intermediate diameter and stiffness and an
intermediate [ thus lie between the two limits. The bending-
stretching transition occurs at roughly wo~1 or wy~d.
Figure 6(a) shows the changing deformed profile as the
applied load increases with ff. A V-shape is expected in the
stretching limit. Note that w(r) is a smooth curve with zero
gradients at clamped ends and midpoint when load is small,
but becomes a V-shape with straight arms at large loads.
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FIG. 6. (Color online) (a) Normalized deformed profiles for fiber tension
p=0, 7, 20, and the stretching limit § — oo (dashed curve). Note that the
slope at x=0 is always zero, but approaches a constant only in the limit
when the profile becomes linear. (b) The constitutive relation ¢(wy), and the
bending and stretching limits (dashed lines). Bending dominates at small o,
while stretching prevails at large wy. (¢) Gradient of the constitutive relation
as a function of vertical displacement, n(w).
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Figure 6(b) shows the constitutive relation, ¢(w,). Initial
loading is always governed by bending when wg<1. As
external load increases, deformation gradually switches to
stretching dominant. Figure 6(c) shows the gradient of ¢(w)
as a function of vertical displacement and the bending and
stretching limits of 1 and 3, respectively.

APPENDIX B: “PULL-OFF” FORCE AND ADHESION
ENERGY OF ADHERING FIBERS

“Pull-off” or spontaneous detachment of the two adher-
ing fibers is similar to that of the surface force apparatus.'®
The critical phenomenon is approximated by adhesion of a
solid sphere with diameter, d, and interfacial adhesion
energy, 7, onto a rigid substrate. Maugis>® shows that the ten-
sile load required for “pull-off” is given by

F* = —¢n(d/2)y, (B1)

where d=(d, ' +d, ")~ is effective fiber diameter. The
parameter ¢ is bounded by 3/2 < ¢ <2, where the upper
bound (¢ =2) is the Derjaguin—-Muller—Toporov (DMT)
limit for small but hard spheres in the presence of weak
but long-range intersurface attraction, and the lower
bound (¢=3/2) is the Johnson—Kendall-Roberts (JKR)
limit for large but soft spheres in the presence of strong
but short-range adhesion. The intermediate behavior
between the JKR to DMT limits is governed by the
Tabor’s parameter

B 'VZR 1/3 E 72/3
Hr = (z_) [2(1 = ,,z>] B2

with Zy =~ 1 nm the force range of typical van der Waals
interactions, £ and v the elastic modulus and Poisson’s ratio
of the spheres. Large > 2 corresponds to JKR and small
ur<0.5 DMT. For the interacting fibers in the present

J. Appl. Phys. 111, 024315 (2012)

study, ur ~ 0.1 to 0.15 and DMT limit is assumed in data
analysis.
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