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Do Electrospun Polymer Fibers Stick?
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Adhesion between electrospun polycaprolactone (PCL) fibers was directly measured in a cross-cylinder geometry
using a nanoforce tensile tester. The surface roughness of fibers was determined by an atomic force microscope (AFM),
and the structural factors were characterized by differential scanning calorimeter (DSC) and wide-angle X-ray
diffraction (WAXD). “Pull-off” force was found to be in the order of 10-6 N, and the adhesion energy was 190 ( 7
mJ/m2. Adhesion increases with decreasing fiber radius. The experimental data are analyzed by the classical Johnson-
Kendall-Roberts (JKR) contact mechanics model. The study provides fruitful insights into future development of bio-
inspired adhesives and devices.

1. Introduction

Hierarchical structures as inspired from nature, such as the
fibrils on insects, induce strongmolecular forces as a result of van
der Waals (vdW) interactions. The subsequent extraordinarily
strong adhesion enables these insects to support their bodyweight
and large loads.1-4 This phenomenon motivated materials scien-
tists and engineers to fabricate artificial fibrillar adhesives using
materials ranging from soft polymers4-8 to stiff carbon nano-
tubes.3,9,10 To leapfrog, it is critical to understand the mechanics
andmechanisms of fiber-fiber interactions in terms ofmolecular
parameters.

Adhesion between fiber and substrate was extensively studied
in recent years.2,6,11 The Johnson-Kendal-Robert (JKR)12,13

andDerjaguin-Muller-Toporov (DMT)14models are particularly
useful in modeling contact mechanics of adhesion-detachment.
Despite studies in the deformation, orientation, geometry, and
size of fiber showing substantial effects on the fiber-substrate
adhesion,2,11 little is known about fiber-fiber adhesion, mainly
due to experimental difficulties in handling and aligning micro-
and nanofibers and choosing the appropriate characterization
instrument.

We utilize an electrospinning technique to produce well-con-
trolled submicrometer fiberswith fiber radius ranging from300 to
900 nm on average.15-17 The strong electrostatic force stretches
the polymer jet to simultaneously reduce the cross-sectional area
and lengthen the fiber to an aspect ratio as high as 106. Fiber
alignment can be achieved by collecting the fibers on a rotating,
grounded disk18-21 or across two parallel, conductive strips.22

The mechanical properties20-23 are shown to depend on
drawing20,21 and molecular characteristics of the fibers. Measure-
ments of adhesionproperties of electrospun fibers andbundles are
herein performed for the first time using a nanoforce tensile tester
with a force/displacement resolutions of 50 nN/10 nm, respectively.
The same instrument has been used to examine the adhesion
properties between spider silk fibers, and the results are reported
elsewhere.24,25

In this paper, we report the “pull-off” force and interfacial
adhesion between two electrospun fibers in a novel cross-cylinder
configuration similar to the celebrated surface force apparatus
(SFA). The dependence of adhesion upon size effect (fiber dia-
meter) and surface roughness is investigated and will be discussed
in terms of the JKR model and molecular factors.

2. Experimental Section

2.1. Materials. Biodegradable polymer, polycaprolactone
(PCL) (Mn = 80000), was purchased from Sigma-Aldrich
(CAS = 24980-41-4) and dried under vacuum at 40 �C for
36-48 h before use. N,N-Dimethylformamide (DMF) and di-
chloromethane (DCM) at reagent grade were obtained from
Acros and BMD Chemicals Inc., respectively.
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2.2. Samples Preparation. Polymer fibers are fabricated for
dry adhesion studies, tensile tests, and fiber structural characteriza-
tion, using the electrospinning technique (shown inFigure 1).18,20,22

The fibers are electrospun from two solutions with 12 and 14 wt%
PCL. The polymer is first dissolved in a solvent mixture of DMF
and DCMwith a 1:1 weight ratio. Electrospinning is conducted at
22 �C, relative humidity at 43%, solution feed rate at 0.5mL/h, and
applied voltage at 10-11 kV. The fibers are collected by either
(a) two parallel electrodes (Figure 1a) or (b) a collector disk.

Single fibers made by the parallel electrodes are used for tensile
tests.22 Specimens for adhesionmeasurement are preparedby first
collecting as-spun fibers on a primary collector comprising two
parallel electrodes, followed by transferring single fibers onto a
secondary collector.23The fiber collection is carriedout for a short
duration for a few aligned single fibers on the parallel electrodes.
The secondary collector is a cardboard frame with a 15 mm gap
between two parallel strips. A single fiber is transferred to card-
board frame, fixed by adhesive tapes, and suspended as a free-
standing wire. Directional fiber bundle is obtained from a rota-
tional disk collector at a tangential velocity from 20 to 35m/s.18,20

The alignment of fibers is measured relative to one another and is
characterized by a standard deviation of 2.4�. The fiber bundle
was used for DSC and X-ray measurements. Figures 1c,d show
the optical micrographs of typical fibers obtained by polarized
lightmicroscopy (LeicaDMLB).Cross-sectional diameter ismea-
sured at six different locations using the softwareNIH Image 1.63
(Figures 1c,d).24

2.3. AdhesionMeasurements. Figure 2 shows the schematic
of the adhesion measurement. A single freestanding fiber is taped
to the twoprongs of a cardboardmount that are 2l0=15mmapart
(Figure 2a). The cardboard is then sectioned by a pair of scissors
leaving two selected fibers for the adhesion test. Two cardboard
holders with the fibers are mounted onto the moveable crosshead
and fixed load cell of anMTSNano Bionix system. The two free-
standing fibers are arranged orthogonal to each other at the
midpoint in a cross-cylinder configuration (Figure 2b). The cross-
head is thenmoved to an approach distance of 1mm such that the
fibers are pressed against each other leading to an adhesive
contact at an ambient relative humidity of ∼20%. The compres-
sion lasts for roughly 20 min to ensure proper adhesion. Though
slightly stronger adhesion is observed with increasing fiber-fiber
contact time up to 1 h, anoptimal 20min contact time is set for the
current study. The contact circle has a diameter of 2a (Figure 2c).

The crosshead is then returned to the original position such that
the two fibers resume stress free and horizontal geometry. A
tensile load is then applied to pull on the fibers with the crosshead
moving at 1.0 mm s-1. The applied load, F, and vertical dis-
placement, u, are simultaneouslymonitored,while a video camera
records the sample deformation in situ.Measurements are repeated
at least 10 times for a single pair of fibers to ensure reproducibility.

2.4. AFM Measurements. The AFM used is a SPI3800N
systems equipped with a cantilever of bending spring constant
40N/mand a resonance frequency of 190 kHz (SEIKO, Inc.). The
fiber surface is characterized by the standard noncontact mode
scanning at 0.5 Hz from the largest area (100 � 100 μm2) to
smallest area of 5� 5 μm2.Data are analyzed using the SPI3800N
probe station software (Seiko, Inc.). All images are processed
using procedures for “plan-fit” and “flatten”. The roughness is
determined by the software based on a line profile along the
electrospun fiber axis at different positions. At least 10 lines are
drawn for different positions used. An average roughness (Ra) of
the fiber surface is calculatedwith themethods used byWatanabe
and co-workers.26

2.5. Differential Scanning Calorimetry (DSC). The melt-
processed PCL fiber is further characterized by differential scan-
ning calorimetry using a Perkin-Elmer DSC-7. The degree of
crystallinity (Xc) of PCL fibers is found by ΔHm/ΔHm0, where
ΔHm is the enthalpy ofmelting andΔHm0 the enthalpy ofmelting
of fully crystalline PCL (139.5 J/g).27

2.6. Polarized Light Microscopy (PLM). The electrospun
fibers are observed between crossed polarizers in a Leica DMLP
opticalmicroscope equippedwith a camera system (LeicaMPS30).
In order to enhance contrast and determine the sign of the
birefringence pattern, a λ wave plate is inserted between the pola-
rizers.

2.7. Wide-Angle X-ray Diffraction (WAXD). WAXD is
conducted using a D8-GADDS diffractometery (Bruker) with a
2D detector. The measurements are carried out at 40 kV and 20
mA,CuKR radiation.X-ray beam isdirectedperpendicular to the
fiber bundle axis. The distance between the detector and the
sample for WAXD is 147.8 mm. The orientation factor of the

Figure 1. Schematic of method used to collect single and aligned fibers. (a) A single fiber is collected by parallel electrodes for tensile and
adhesion tests. (b) Aligned fibers are collected by the rotational disk for DSC, PLM, andWAXD tests. (c) PLMmicrograph of a single fiber;
the magnification is 1000�. (d) PLMmicrograph of aligned fibers that are collected for 20 s; the magnification is 1000�.
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crystallites and the order parameter of amorphous phase are
determined with the same method reported by Zussman and co-
workers.28

3. Results and Discussion

3.1. Mechanical Response of External Load. Figure 3
shows typicalmechanical responses and applied load as a function
of vertical displacement, F(u), for a range of fiber radii,R0. Three
distinct regions are identified: (I) Elastic stretching of fibers where
no delamination takes place. Linear elasticity requires F= E
[πR0

2u(l - l0)/l0l], where E is the elastic modulus, l the instanta-
neous half-length, and the subscript 0 the undeformed quantities.
(II) A plateau exhibiting virtually a constant load where gradual
delamination occurs. (III) A precipitous drop when the applied
load reaches a critical threshold, F*. At this “pull-off” point, the
adhering fibers spontaneously separate from each other and F
drops abruptly (see Supporting Information, video of adhesion
test).No slippage is observed at the fiber-cardboard interface. The
“pull-off” load, or dry adhesive force, lies in the range of 10-6 N,
consistent with typical van der Waals interactions.2,3,29 Figure 3
shows a thicker fiber leads to an increasing “pull-off” force.
3.2. Size-Dependent Adhesion. Adhesion in the cross-cy-

linder configuration can be quantified by the classical Johnson-
Kendall-Roberts (JKR)12,13,30 andDerjaguin-Muller-Toporov

(DMT)14 models for two identical adhering solid spheres or two
equal crossed cylinders with a radius, R, elastic modulus, E, and
Poisson’s ratio, ν. The JKR limit corresponds to the presence of a
short-range intersurface attraction and soft adhering solids, while
the DMT limit is valid for long-range attraction and hard solids.
The continuous transition from JKR to DMT is governed by the
Tabor parameter13,14,30

μT ¼ R0W2

Z0
3

 !1=3
E

2ð1- v2Þ
� �- 2=3

ð1Þ

whereZ0 is the range of the intersurface attraction,R
0 =R/2,W is

the adhesion energy orwork of adhesion, andK=2E/3(1- ν2) is
the combined elastic modulus of two fibers. Maugis13 derived an
equivalent JKR-DMT transition parameter given by μM =
1.1570μT. The JKR limit possesses a large μT (>2) and DMT a
small μT (<0.5).

For PCL fibers, the Young’s modulus of fiber is determined by
a tensile test, and the typical vdW force range is Z0 ≈ 1 nm.
Reported values ofW=53mJ/m2 and ν=0.47 suggest a largeμT
and thus the JKR limit.31,32When the applied tensile load reaches
the “pull-off” threshold

F� ¼ ð3=2ÞπRW ð2Þ
the adhering fibers detach from each other. Figure 4 shows
measuredF* as amonotonic increasing function ofR in a log-log
plot. Curve fit shows a slope of 1, as expected. The adhesion
energy is deduced from the vertical intercept to be W=190 (
7 mJ/m2, independent of R. Table 1 shows an increasing E with
decreasingR, and μT falls in the range of 5.54<μ<9.98, verifying
our assumption of JKR limit.12,14 As a comparison, the adhesion
energy of PCL membranes was previously estimated based on a
symmetrical contact between two identical films,12 where the
surface energywasquoted tobeW=26.5mJ/m2 by contact angle
measurements.31 The adhesion energy of PCL fibers in our
measurement is significantly higher than that of PCL films at

Figure 2. Schematic of the dry adhesion test. Single freestanding
fiber with original length of 2L0 is taped to the two prongs of a
cardboard, and the single fibers with the same radius are used for
the dry adhesion test (a). The cardboards are cut intoU shapes and
mounted on the nanoforce tensile tester with a load resolution of
50 nN and extension resolution of 35 nm (b). Two fibers are
arranged in the cross-cylinder geometry, and the contact circle
has a diameter of 2a (c). Vertical compressive load deforms the two
fibers into V- and inverted V-shapes, and the force (F) and
displacement (u) are simultaneously recorded.

Figure 3. Applied external load F measured as a function of
crosshead displacement u for PCL fibers of three different radii.
The inset depicts the crossed fibers at initial stage, V- and inverted
V-shaped deformation, and “pull-off”, corresponding to the linear
elastic deformation zone, load plateau, and spontaneous loss of
adhesion contact exhibited in F-u plot. Dry adhesion increases
with an increasing fiber radius.
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53 mJ/m2, hydrocarbon rubber spheres films at 71 mJ/m2, and
polydimethylsiloxane (PDMS) rubber spheres at 43.6 mJ/m2,29

suggesting that polymer fibers possess higher adhesion than that
derived from films or bulkmaterials. The high adhesion energy of
PCL fibers is essentially dominated by multiscale surface effect.33

It is plausible that interdiffusion of polymer chains takes place
at the fiber interfaces (with the amorphous phase) due to the
low glass transition temperature (-60 �C) and low melting point
(60 �C) of PCL fibers. The latter may also raise adhesion energy
and μT, further justifying the JKR limit assumption.13,30,34

3.3. Size-Dependent Adhesive Strength. The adhesive
strength is defined herein as the adhesive force per unit contact
area at “pull-off”, F*/S, with S = π(a*)2 and a* the “pull-off”
radius. The JKR model requires

a� ¼ ð9WR2=4EÞ1=3 ð3Þ
Based on eqs 2 and 3, the adhesive strength is

F�=S ¼ ð2=3WE2Þ1=3R- 1=3 ð4Þ
Figure 5 shows F*/S as a function ofR. The linear log-log curve
fit yields a slope of-0.42, slightly lower than the expected value of
-0.33, possibly a consequence of the size-dependent elastic
modulus. It is interesting to note that the value of F*/S increases
with decreasing fiber radius, from 20 kN/cm2 for R = 1.2 μm to
30 kN/cm2 for R = 0.35 μm. This is consistent with the natural
adhesion, e.g., feet of flies, beetles, spiders, and geckos, where the

density of adhesive hairs increases dramatically with body
weight.35 A simple geometry argument gives the total adhesive
strength, F*/S= (3/2)πRWn, where n is the number density with
n= cross-sectional area of fiber/foot area. As an illustration, we
can compare the adhesion of two fibers with one cross-sectional
radius doubled that of the other (R1 = R = 2R2) but of same
adhesion energy. For fiber 1, only one fiber can fit into an area of
R2, and therefore the total adhesion force is F1 = (3/2)πRW. For
fiber 2, four fibers can fit into an area ofR2, and the total adhesion
force is F2 = 3πRW = 2F1. A higher fiber density is therefore
necessary to support a larger body weight.
3.4. Effect of Roughness on Adhesion. Figure 6 shows the

AFM images of electrospun fibers with R = 0.55 and 0.65 μm.
The fiber roughness can be characterized by AFM by scanning
along the fiber axis. Figure 7 shows dependence of average fiber
roughness (Ra) upon fiber radius. Fiber roughness in the range of
2-7 nm is 2 orders of magnitude smaller than the fiber diameter.
The smooth fiber surface is not expected to influence our adhesion
measurements.
3.5. Effect ofMolecularOrientation.By rotating the fibers

under cross-polarized light, birefringence is clearly observed in

Figure 4. Measured “pull-off” force as a function of fiber radius.
Dataare fitted toa linear relationshipaccording to the JKRtheory.

Table 1. Tabor Parameter and the Parameters Used

fiber
radius
R (μm)

adhesion
energy W
(mJ/m2)

Young’s
modulus
E (MPa)

Poisson’s
ratioa v

Tabor
parameterb

μT

0.25 190 300 0.47 5.54
0.44 190 297 0.47 6.02
0.55 190 292 0.47 6.56
0.65 190 286 0.47 7.04
0.90 190 280 0.47 7.95
1.20 190 230 0.47 9.98
aPCL pellets.32 bRange of intersurface forces or equilibrium separa-

tion, Z0 ≈ 1 nm.

Figure 5. Adhesive strength as a function of fiber radius. The
adhesion strength increases with decreasing fiber radius.

Figure 6. AFM topographic images and line profiles of electro-
spun fibers: (a) electrospun fiber with a radius of 0.55 μm; (b) a line
profile of the surface along the fiber axiswith the radius of 0.55μm;
(c) electrospun fiberwitha radius of 0.65μm; (d) a line profile of the
surface along the fiber axis with the radius of 0.65 μm. Surface
roughness is determined by the line profile along the fiber axis. The
average roughness for 0.55 and 0.65 μm fibers are 3.3 and 4.2 nm,
respectively. The roughness is broadly insignificant in comparison
with the size of the electrospun fibers.

(33) Cuenot, S.; Fr�etigny, C.; Demoustier-Champagne, S.; Nysten, B.Phys. Rev.
B 2004, 69, 165410.
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our samples, suggesting the presence of chain orientation and/or
crystallization.16,20 Figure 8 shows the WAXD pattern for
(a) PCLnonwovenmats and three electrospun fiberswith average
fiber radii of (b) 0.55, (c) 0.41, and (d) 0.35 μm. There are two
strong diffraction arcs (or rings) at Bragg angles 2θ= 21.6� and
24� observed for all the samples tested. The equatorial peak at
21.6� is attributed to the diffraction of the (110) lattice plane and
the peak at 24� attributed to the (200) lattice plane, which is
usually seen in orthorhombic semicrystalline PCL.36 The arc
width of the strongest equatorial reflection provides a strong
indication of the degree of orientation within the samples. The
rings observed in the WAXD data for nonwoven mats are
indicative of the random orientation of fibers. In contrast, the
aligned fibers show a distinctive molecular orientation, as detected
by the discrete reflections in Figures 8b-d. Most importantly, the
larger fibers have less a degree of orientation compared to the
smaller ones.

Figure 9 demonstrates the degree of crystallinity (%), orienta-
tion degree of crystallite, and order parameter ofmacromolecular
orientation in the amorphous regions. They all increase with
decreasing fiber radius, and the orientation degree of crystallite
increases from 79.5% (R = 1.20 μm) to 93.2% (R = 0.35 μm).
Clearly,molecular orientation is enhanced by electrospinning and
reducing the fiber diameter. The crystallinity of PCL fibers as
measured in our study (53.1%) is lower than 66.28%, which is the
one reported by Yarin and co-workers, and it is almost the same
as the PCL pellets.37 The difference can be caused by the
difference in average fiber sizes being examined (700 nm in this
study vs 540 nm37). Some reports of lower degree of crystallinity
in electrospun fibers in comparison to the bulk materials like
pellets are noted.38-40 The lower crystallinity in electrospun fibers
vs bulk materials is attributed to rapid solidification of stretched
chains at high elongational flows at the later stage of spinning,
and the stretched chains do not have enough time to organize
themselves into suitable crystal registration before they are
solidified.38-40 The orientation of crystals in the electrospun fiber

will be however substantially higher than the bulk because the
electrified jet of polymer solution experiences strong extensional
flow during the electrospinning, and the polymer chains have a
higher tendency to be stretched along the jet axis.15,16,20 In
addition, the crystallization of polymer chains is promoted by
the whipping motion of the jet before the fiber reaches the
collector. The order parameter of macromolecular orientation
in the amorphous part increases in smaller fibers, from 20.3%
(R=1.20 μm) to 26.5% (R=0.35 μm).

Apparently, enhanced molecular orientation leads to better
mechanical properties22 and potentially better adhesion. A qua-
litative reasoning can be given as follows: the high degree of
crystallinity and molecular orientation align the “temporary
dipoles” within the fiber, resulting in uneven charges on the fiber
surface. These vdW forces are transient because of the constantly
changing electron distributions but are continuously switching on

Figure 7. Average surface roughness of fiber surface as a function
of fiber radius. The surface roughness (Ra) lies in the range of 2-7
nm, indicating the fiber is smooth.

Figure 8. Wide-angle X-ray diffraction (WAXD) pattern of elec-
trospun fibers: (a) PCL nonwoven mats; (b) aligned fiber bundle
with an average fiber radius of 0.55 μm; (c) aligned fiber bundle
with an average fiber radius of 0.41 μm; (d) aligned fiber bundle
with an average fiber radius of 0.35 μm.

Figure 9. Crystallinity (%), crystallite orientation (%), and order
parameter of macromolecular orientation in the amorphous phase
as a function of fiber radius of aligned fibers. The degree of
crystallinity, crystallites orientation, and order parameter of amor-
phous phase increase gradually as the fiber radius decreases. The
degree of crystallinity increases from 39.6% (1.2 μm) to 53.1%
(0.35 μm), the orientation degree of crystallite increases from
79.5% (1.2 μm) to 93.2% (0.35 μm), and the order parameter of
macromolecular orientation in the amorphous part increases from
20.3% (1.2 μm) to 26.5% (0.35 μm).

(36) Bittiger, H.;Marchessault, R.H.; Niegisch,W.D.Acta Crystallogr., Sect. B
1970, 26, 1923–1927.
(37) Srikar, R.; Gambaryan-Roisman, T.; Steffes, C.; Stephan, P.; Tropea, C.;

Yarin, A. L. Int. J. Heat Mass Transfer 2009, 52, 5814–5826.
(38) Liu, W.; Wu, Z.; Reneker, D. H. Polym. Prepr. 2000, 41, 1193–1194.
(39) Zong, X.; Kim, K.; Fang, D.; Ran, S.; Ran, S.; Hsiao, B. S.; Chu, B.

Polymer 2002, 43, 4403–44120.
(40) Deitzel, J. M.; Kleinmeyer, J. D.; Hirvonen, J. K.; Tan, N. C. B. Polymer
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and off in different regions of contact. Thinner fibers possess a
higher degree of crystallinity, crystallite, and molecular orienta-
tion compared to thicker fibers, and these structural factors
enhance the tendency of the “temporary dipoles” to orientate
and increase the uneven charge distribution per unit area, result-
ing in higher adhesion strength.

Dry adhesion differs from wet adhesion in that it is mainly
caused by the presence of vdW interaction without water menis-
cus (surface tension)3 and hydrogen bonding. Since PCL is
relatively hydrophobic, the adhesion tests are performed in an
environmentwith relative humidity∼20%.As a result, the vdW is
likely to contribute most significantly to the adhesion between
electrospun fibers. The following analysis is provided for hy-
pothetical consideration of vdW as the primary driving force
behind adhesion of the studied fibers. The vdW energy of
interaction UvdW between two fibers is given by

UvdW ¼ 2γ ¼ -A=12πDvdW ð5Þ
where A is the materials-dependent Hamaker constant and Dvdw

a vdW force range. Assuming UvdW = 190 mJ/m2 and DvdW =
0.3 nm,2A=6.4� 10-19 J for PCL fibers, the order ofmagnitude
of which is consistent with the values reported in the literature,
∼1.35 � 10-19 J.41 The slight variation can be caused by the
testing conditions and environment, the type of monomers and
molecular weights supplied, and the assumption of DvdW, which
can vary from material to another. Monolayers of water can also
be present in our testing conditions of a relative humidity of
∼20%. This hypothetical consideration corroborates that the
vdW is the primary force behind the adhesion between two
electrospun PCL fibers in this study. Note that the analysis is
not definitive but supports the results that the adhesionmeasured
is consistent with the vdW range.

4. Conclusions

Do electropsun polymer fibers stick? In this study, we reported
by direct measurement the adhesion strength and energy for two
adhering electrospun fibers of PCL using a nanoforce tensile
tester. The adhesion strengthwas found to fall in the range of 10-6

N and the adhesion energy 190 ( 7 mJ/m2, which are nearly 4
times higher than that reported for PCL films. The adhesive
strength increases with decreasing fiber radius, and the experi-
mental data were described by the classical JKR model. On the
basis of our analyses, the vdW were the primary driving force
behind adhesion in electrospun micro- and nanofibers, while we
did not rule out other environmental factors such as surface
tension with hydro-monolayers. The molecular orientation and
crystallinity of electrospun fibers were examined and suggested to
play important roles in influencing adhesive properties. Why a
higher fiber density is required to provide sufficient adhesion to
support higher loads was analyzed and discussed. The study
provided fruitful insights into applications of electrospun fibers
for adhesion and the development of an electrospun nanofiber as
a cheese cutter for small objects such as membranes and cyto-
plasm in future.
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