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Abstract: Because they can achieve a high degree of molecular chain alignment in comparison
with their bulk counterparts, the mechanical and thermal properties of polymer nanofibers are of
great interest. However, due to their nanometer-scale size, it is difficult to manipulate, grip, and
test these fibers. Here, we demonstrate simple repeatable methods to transfer as-drawn fibers to
micrometer-scale test platforms where their properties can be directly measured. Issues encountered
and methods to minimize measurement artifacts are also discussed.
Keywords: polymer nanofiber; manipulation; precision mounting; UHMWPE

1. Introduction
Polymer nanofibers have mechanical and thermal properties significantly higher than their bulk
counterparts [1–6]. They have a wide range of potential applications in areas such as tissue engineering,
sensing, reinforcing composites, ballistic armor, textiles, and in improving thermal management [7–11].
Detailed study of their material properties is necessary to assess their true application possibilities.
However, due to their nanometer-scale size, it is difficult to manipulate and mount individual
polymer nanofibers onto a test platform to make measurements. The macroscale approach of
manipulating objects with pick-and-place tools has been scaled to smaller sizes using micro- and
nanoscale grippers [12–14]. A tweezer-like gripping mechanism in these grippers can be obtained
using various actuation mechanisms such as electrostatic, thermal, shape memory, fluidic, magnetic,
and piezoelectric [14]. But it is difficult to ensure reliable placement of a long nanofiber onto a horizontal
platform using a nanogripper. Optical tweezing is capable of sorting and manipulating an individual
DNA molecule. This technique requires a liquid medium, which is not compatible with mechanical
measurement platforms operating in laboratory air [15]. Another common approach is to use an atomic
force microscope (AFM) cantilever tip or a tungsten tip mounted on a precision XYZ manipulator.
This has been successfully used for nanoscale fabrication of polymer nanofibers [16] and precision
mounting of nanofibers [1,17]. This approach is low yield and time-consuming. In addition, the process
is generally performed in a scanning electron microscope (SEM) [17] because nanofibers are difficult to
resolve optically. However, polymer nanofibers are damaged by electron-beam irradiation [18]. Hence,
reliable optical methods are strongly needed for manipulation and testing.
In view of the urgent need for such micromanipulation, this article describes and demonstrates
a simple specimen collector technique that enables nanofiber placement with ±1 µm precision onto
micromachined test platforms using optical methods. Electrospinning is one common method to
make such long fibers [9,19,20]. Here, as an alternative example, we describe a method by which
ultra-high molecular weight polyethylene (UHMWPE) nanofibers can be made. Then we show how
they can be manipulated onto micromachined test platforms without damage. Next, we demonstrate a
nanomechanical test calibration procedure, discuss potential testing artifacts in nanomechanical and
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and nanomechanical measurements on highly crystalline nanofibers prepared by this method have
nano thermal
measurements,
and propose methods to solve them. Detailed characterization,
beenand
reported
in reference
[3].
thermal and nanomechanical measurements on highly crystalline nanofibers prepared by this
method have been reported in reference [3].
2. Experimental
Experimental
2.1. 2.
Ultra-High
Molecular Weight Polyethylene (UHMWPE) Nanofiber Specimen Preparation

Ultra-high
molecular
polyethylene
(UHMWPE),
a linear
chain
polymer, is used in this
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Molecular weight
Weight Polyethylene
(UHMWPE)
Nanofiber
Specimen
Preparation
work. However, the processes described here can be generalized to other drawable polymers.
Ultra-high molecular weight polyethylene (UHMWPE), a linear chain polymer, is used in this
To fabricate the nanofibers, we first produced a gel from 0.8 wt % UHMWPE powder (average
work. However, the processes described here can be generalized to other drawable polymers. To
molecular weight ~3 × 106 –6 × 106 g/mol purchased from Sigma Aldrich, St. Louis, MO, USA) and
fabricate the nanofibers, we first produced a gel from 0.8 wt % UHMWPE powder (average molecular
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a thermocouple attached to the thin film heater. A hot plate placed 1 cm below the silicon chip heated
overhead air to 90 ◦ C to prepare for hot-stretching. The translucent gel transformed to a transparent
the overhead air to 90 °C to prepare for hot-stretching. The translucent gel transformed to a
solution as it reached 130 ◦ C. As the solution became clear, a sharp (~10 µm) glass tip was inserted
transparent solution as it reached 130 °C. As the solution became clear, a sharp (~10 µ m) glass tip was
into inserted
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Figure1.1.Schematic
Schematic of tip
Figure
tip drawing
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setup.
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further
process
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Again
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axis micromanipulator,
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the specimen
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from under
the drawn
MF, asMF,
depicted
in Figure
Figure
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and
the
MF
was
gripped
onto
the
specimen
collector
using
epoxy.
Because
it
was
stretched
and the MF was gripped onto the specimen collector using epoxy. Because it was stretched when the
when the specimen collector was raised and glued, the MF remained taut with a moderate tensile
specimen collector was raised and glued, the MF remained taut with a moderate tensile stress. The MF
stress. The MF was then cut outside the collector edges.
was then cut outside the collector edges.
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With the specimen collector acting as a carrier, the MF could now be conveniently transferred
With the specimen collector acting as a carrier, the MF could now be conveniently transferred
from the drawing station and positioned under an optical microscope objective. There, a locally
from the drawing station and positioned under an optical microscope objective. There, a locally etched
etched and bent tungsten wire, used as a microheater, was placed in the same horizontal plane 20 µ m
and bent tungsten wire, used as a microheater, was placed in the same horizontal plane 20 µm from
from the MF. Details of the microheater construction are given in Appendix B.
the MF. Details of the microheater construction are given in Appendix B.
A voltage was applied to the microheater, the tungsten wire temperature increased due to Joule
A voltage was applied to the microheater, the tungsten wire temperature increased due to
heating, and the collected MF was heated during a ~1 s pulse by convection to make a UHMWPE
Joule heating, and the collected MF was heated during a ~1 s pulse by convection to make a
nanofiber (NF), as schematically shown in Figure 2. Most advanced thermometers have either
UHMWPE nanofiber (NF), as schematically shown in Figure 2. Most advanced thermometers have
temporal or spatial resolution limitations that limit direct temperature measurement during this
either temporal or spatial resolution limitations that limit direct temperature measurement during
process. We estimated the maximum temperature attained by the fiber during local heating using the
this process. We estimated the maximum temperature attained by the fiber during local heating using
ANSYS/FLUENT computational fluid dynamics finite element analysis software package [22]. First,
the ANSYS/FLUENT computational fluid dynamics finite element analysis software package [22].
the microheater temperature profile was calculated. Second, we assumed a MF with a typical 3 µ m
First, the microheater temperature profile was calculated. Second, we assumed a MF with a typical
diameter and placed at a distance of 20 µ m from the fiber. A potential bias 0.7 V was applied to the
3 µm diameter and placed at a distance of 20 µm from the fiber. A potential bias 0.7 V was applied to
heater, as in the experiment. Both convective and radiative heat losses were considered. At the
the heater, as in the experiment. Both convective and radiative heat losses were considered. At the
microscale, the boundary layer is smaller than at the macroscale. Thus, the heat transfer coefficient
microscale, the boundary layer is smaller than at the
macroscale. Thus, the heat transfer coefficient
(h) greatly increases. Here, we used ℎ = 1000 W m−2 K−1 and emissivity = 0.1 [23]. Figure 3a shows the
(h) greatly increases. Here, we used h = 1000 W m−2 K−1 and emissivity = 0.1 [23]. Figure 3a shows
simulated temperature MF profile. The thermal conductivity of the MF was modeled using gel spun
the simulated temperature MF−1profile.
The thermal conductivity of the MF was modeled using gel
microfibers with 𝑘 = 20 W m K−1 [24]. We used an emissivity value of the MF of 0.2 [25]. A constant
spun microfibers with k = 20 W m−1 K−1−1[24].
We used an emissivity value of the MF of 0.2 [25].
thermal conductivity of air, 𝑘 = 0.02 W m K−1, was used. The MF temperature reached 450 K (180 °C),
A constant thermal conductivity of air, k = 0.02 W m−1 K−1 , was used. The MF temperature reached
and the temperature profile along the fiber is shown in Figure 3b.
450 K (180 ◦ C), and the temperature profile along the fiber is shown in Figure 3b.
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the
same
location
as
before
the
second
drawing
stage.
This
indicated
that
observable, but the outer MF regions resided in the same location as before the second drawing stage.
aThis
NF now
had been
and still
connected
thephysically
MF regions,
as represented
Figure 2.as
indicated
thatcreated
a NF now
had physically
been created
and still
connected
the MFinregions,
The
geometrical
dimensions
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created
by
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sequence
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characterized
by
represented in Figure 3b.
scanning electron microscopy (SEM). We found that factors influencing the diameter included the
initial MF diameter, the pre-existing tensile stress, and the heater current. The diameters ranged from
20–250 nm and a length of 100 µm. Detailed specimen geometry information is provided in reference [3].
Further characterization data on twinning as determined from transmission electron microscopy and
on molecular alignment as inferred from Raman spectroscopy has also been reported [3].
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2.2. Positioning the Nanofibers on the Test Platforms
The geometrical dimensions of NFs created by this fabrication sequence were characterized by
2.2.1. Mechanical
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included a trailing load cell and grips, as seen on the left of Figure 4. The motor was actuated
electrostatically, and each
step
was approximately 60 nm. Here the steps were taken at 1 Hz. It can
load
cell
generate an in-plane force of up to 1 mN, substantially more
than the
~100 µ N needed to stretch and
stepper
motor
break the NFs. Subpixel interpolation with approximately 5 nm resolution was used to measure
displacements, as recorded through a 50X objective in an optical microscope. Because the load spring
and the NF specimen are in series, the displacement in each depends on their relative stiffnesses.
Here, the load spring stiffness was on the same order as the NFs. The tensile load was estimated by
measuring the separation between the load cell combs, while the specimen extension was determined
from the comb attached to the moving grip.
travel
The minuscule sample size, the limited resolution of the optical microscope and nonlinear forces
grips
such as van der Waals, triboelectric, and capillary forces due to moisture are factors that make it
for
difficult to successfully
place nanofibers with tip-based methods. Yet, it is critical to locate and
nanofiber
position the nanofiber precisely onto the micromachined test platform without damaging it. Electron
200 µm
microscopes cannot be used because of the sensitivity of polymer samples to electron beam radiation
[29,30], which scissions
bonds
and hence degrade
the mechanical
and thermal property enhancement
Figure 4. The
micromachined
test platform
used
used for
for mechanical
mechanical measurements.
measurements.
[31,32]. The manipulation by optical methods is preferred. Regarding alignment, during tensile
testing,
unwanted
bending
moment
can cause
the load
to as
rotate
and thecarrier,
fiber force
be
Theanspecimen
collector
with
a suspended
NF was
againcell
used
a specimen
now will
to align
underestimated.
the NF with the mechanical test apparatus. It was maneuvered above the grips, as shown in Figure 5.

The suspended MF in the undrawn region was used as a reference to align the nanofiber. Two
triangular pads, which must grip the specimen, are behind the load spring, as seen in Figure 4. One
pad is fixed to the substrate while the other is connected to the load cell. The first step in mounting
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load cell
stepper motor
The minuscule sample size, the limited resolution of the optical microscope and nonlinear forces
such as van der Waals, triboelectric, and capillary forces due to moisture are factors that make it difficult
to successfully place nanofibers with tip-based methods. Yet, it is critical to locate and position the
nanofiber precisely onto the micromachined test platform without damaging it. Electron microscopes
travelbeam radiation [29,30],
cannot be used because of the sensitivity of polymer samples to electron
which scissions bonds grips
and hence degrade the mechanical and thermal property enhancement [31,32].
for
The manipulation by optical
methods is preferred. Regarding alignment, during tensile testing, an
nanofiber
unwanted bending moment can cause the load cell to rotate and the fiber
force will be underestimated.
200 µm
The specimen collector with a suspended NF was again used as a specimen carrier, now to align
Figure 4.test
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platform
used for mechanical
measurements.
the NF with the mechanical
apparatus. test
It was
maneuvered
above
the grips, as shown in Figure 5.
The suspended MF in the undrawn region was used as a reference to align the nanofiber. Two triangular
The specimen collector with a suspended NF was again used as a specimen carrier, now to align
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4.Figure
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The suspended MF in the undrawn region was used as a reference to align the nanofiber. Two
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Pre-glued
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Aligned
nanofiber

grips

30 µm
Figure 6. Optical
Optical image
image showing
showing the
the pre-glued beam and an aligned nanofiber.

Next, the fibers were glued to the grips. Using a sharp compliant tungsten tip, glue was gently
placed onto the aligned fiber over the pads. If the fiber came out of alignment, it could be nudged
back into position using the same tungsten tip. As the glue became more viscous, manipulating it
became more difficult and the success rate diminished. Since the working time of the glue was ~8 min,

nanofiber
30 µm
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Figure 6. Optical image showing the pre-glued beam and an aligned nanofiber.
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compliant
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Figure 8. SEM image of a 250 nm diameter NF in comparison with human hair. Inset: detailed view of
gripped nanofiber.
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2.2.2. Thermal Test Platform
A different microdevice, consisting of suspended platinum resistance thermometers (PRTs) was
used to conduct thermal characterization [33]. A total of seven SiNx beams, with platinum deposited
on each, supports each of two suspended SiNx plates. Serpentine platinum coils are fabricated on
top of the SiNx plates and are connected to electrical pads in a supported region. A lock-in amplifier
detects small changes in the resistance of these PRTs. Consequently, the device is sensitive to minute
temperature changes. A NF connecting one platform to the adjacent one conducts heat from the heated
side to the sensing side. Details of the measurement system are given in reference [33].
The alignment of the nanofiber to the plates was similar to that discussed above for the mechanical
device. However, it was found that epoxy glues wetted the Pt wire surface, creating an insulating layer
that significantly increased the thermal contact resistance, Rc . Without glue, the cutting process tended
to pull the nanofiber off the suspended plates. Focused ion beam (FIB)-deposited Pt would likewise
reduce the crystallinity and significantly increase the thermal resistance.
To solve this problem, we took advantage of the surface tension from evaporating isopropanol
(IPA), which was able to affix the fiber onto the substrate. As the liquid evaporated, it pulled the fiber
into contact with the plates and created sufficient adhesion to keep the nanofiber in place during the
cutting process. This adhesion process was termed “capillary-assisted adhesion” and is discussed next.
Steps to achieve capillary-assisted adhesion are schematically shown in Figure 9. In this process,
an IPA liquid drop was first placed on top of the thermal device (Figure 9b). Evaporation of IPA from
the device was closely monitored under the optical microscope. After the liquid meniscus connecting
the suspended plates broke, the suspending beams (not shown) cause the plates to separate to their
nominal 5–10 µm gap. Before the liquid layer evaporated from the surface of the plates, a pre-aligned
nanofiber was expeditiously lowered into focus and contact was made with the pads (Figure 9c).
The
liquid
wet
the fiber and the evaporating liquid surface pulled the fiber down due to surface tension.
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The fiber then adhered to the pads (Figure 9d). This surface tension, accompanied by the van der Waals
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Figure 9. Schematic diagrams representing nanofiber placement onto a platinum resistance
thermometer plates. (a) suspended plates, (b) a small drop of isopropanol (IPA) is placed on the
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other two
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using
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pulled
at other
ends.
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were then obtained. The nanofiber was placed on a PDMS substrate, and in this case, conventional
nanofibers were then obtained. The nanofiber was placed on a PDMS substrate, and in this case,
manipulation methods were used to mount the fiber. A tungsten tip with a tip of 1 µ m diameter
conventional manipulation methods were used to mount the fiber. A tungsten tip with a tip of 1 µm
connected to a high precision micro-manipulator was used to manipulate the silica nanofiber sample
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elongation over the gauge length. Figure 11 shows the stress–strain curve of a silica nanofiber
of
diameter 108 nm. The Young’s modulus was obtained from the slope of the stress–strain curve in the
diameter 108 nm. The Young’s modulus was obtained from the slope of the stress–strain curve in the
elastic region. For that fiber, it was found to be 67.7 GPa. The strength was 4.5 GPa and its elongation
elastic region.
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The Young’s modulus values are similar to that of bulk silica (72 GPa) [35]. Silva et al. tested
silica nanofibers using an AFM cantilever bending test and found that silica nanofiber Young’s
modulus for diameters larger than 280 nm was similar to bulk [35]. Wang et al. [36] obtained 27 ± 7 GPa
for diameters between 43 nm and 95 nm and Dickin et al. [37] obtained 47 ± 7 GPa for diameters
between 80 nm and 98 nm. These measurements were done in the TEM using a resonance method.
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The Young’s modulus values are similar to that of bulk silica (72 GPa) [35]. Silva et al. tested silica
nanofibers using an AFM cantilever bending test and found that silica nanofiber Young’s modulus
for diameters larger than 280 nm was similar to bulk [35]. Wang et al. [36] obtained 27 ± 7 GPa for
diameters between 43 nm and 95 nm and Dickin et al. [37] obtained 47 ± 7 GPa for diameters between
80 nm and 98 nm. These measurements were done in the TEM using a resonance method. Recent
work [38] on a tensile test of silica nanofibers of dimensions 33.9 nm and 18.7 nm under TEM found
that Young’s modulus was about 77.6 GPa, close to bulk silica. The values in Figure 11 are in good
agreement with the bulk value and with much of the literature.
The strengths are much higher than bulk silica (0.2 GPa) [39]. This is because of nanoscale size
effect, where flaw density is significantly reduced and the probability of having a flaw larger than
critical flaw is minimal. However, our values of silica nanofiber strength are somewhat lower than that
of reference [39], where an average strength of 10 GPa was measured. Our fabrication method of using
butane torch and strength test in high relative humidity (~70%) introduces hydroxyl groups in the
silica surface that may degrade the silica sample [39,40].
We observed elongation as high as 13.8% in the silica nanofibers. However, SEM imaging of the
fractured glass fiber shows a flat fracture surface, consistent with brittle failure. It is likely that the glue
slipped to a small degree as failure was approached, as the curve deviated from linearity. However,
this only affects the penultimate portion of the stress–strain curve. From this data, it is apparent that
the test platform can measure strength and strain if the specimen is firmly gripped.
3.2. Gripping the UHMWPE Nanofibers in Mechanical Testing
For UHMWPE nanofibers, initial test results revealed more severe slip at the grips before their
strength was reached. The surface energy of PE is low (31 mJ m−2 ) and the absence of a polar
component (similar to PTFE, 19 mJ m−2 ) makes it difficult to wet with adhesives [41,42]. There are
many commercial including Loctite 3032, Loctite 3035, Scotch weld DP 8005, Scotch weld DP 8010,
Loctite plastic bonding system, and TAP poly-weld. They are designed for low surface energy olefins
such as polyethylene and polypropylene. However, their viscosity, working life, and/or requirement to
surface treat the sample made them unsuitable for this work. All available glues were tried. All slipped
to some degree.
Six ultra-drawn NFs with diameters ranging from 85 nm to 255 nm were tested with Loctite®
AA 3032/Henkel, which is a specialized glue for PE and was found to be the best glue for this work.
From composites theory [43], the maximum force (Fmax ) applied to a specimen of diameter D before it
slips can be used to obtain the average interface shear strength, τmax . Accordingly,
Fmax
πDlglue

(1a)

Fmax
= τmax D
πlglue

(1b)

τmax =
which can be rewritten as

Here, lglue is the length of the nanofiber/glue interface. In Figure 12a, Fmax /πlglue is plotted
against D. The slope of specimens that slipped before failure, as indicated by the red circles, is 4.7 MPa.
This corresponds to τmax . Indeed, video images taken during the testing revealed the slip directly.
The τmax value compares reasonably well with the shear strength of Loctite® AA 3032/Henkel, (6 MPa
with high density PE). On the other hand, specimens tested until failure (blue circles in Figure 12a)
displayed a significantly higher force per unit length. The additional gripping force was contributed by
a mechanical locking procedure, as described in [3]. Figure 12b,c shows the schematic of fiber within
the glue.

From this data, we can estimate the length of the glued/fiber interface required to grip a typical
100 nm NF at a uniaxial stress of 10 GPa, on par with the tensile strength, 𝜎ts . Then, 𝑙glue =
𝜎ts 𝐷 /4𝜏max ≈ 53 µm. The gripper length was 30 µ m. With greater lengths, it should be possible to
test UHMWPE nanofiber specimens to failure without the mechanical locking procedure, and
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thereby also assess Young’s modulus.
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From this data, we can estimate the length of the glued/fiber interface required to grip a typical
100 nm NF at a uniaxial stress of 10 GPa, on par with the tensile strength, σts . Then, lglue = σts D/4τmax
≈ 53 µm. The gripper length was 30 µm. With greater lengths, it should be possible to test UHMWPE
nanofiber specimens to failure without the mechanical locking procedure, and thereby also assess
Young’s modulus.
3.3. Thermal Contact Resistance
Thermal contact resistance Rc between the sample and the islands will result in an incorrect
thermal conductivity value if not correctly assessed. Furthermore, if Rc is much larger than the
intrinsic thermal resistance of nanofiber, Rs , the procedure is subject to large errors. The total thermal
resistance at steady state is the sum of thermal contact resistances, 2Rc , and Rs . Then,
Rtot = Rs + 2Rc

(2)

For high thermal conductivity samples, such as UHMWPE nanofibers, Rs can be increased by
making the nanofiber long and the cross-section area small. However, this will also reduce the heat
flux significantly. Consequently, the temperature rise of sensing side will be lessened, making accurate
measurement difficult. A platinum or graphite coating, using electron beam or focused ion beam
(FIB), has been extensively used in literature to reduce thermal contact resistance [44,45]. However,
high-energy electron/ion beam amorphized the NFs and reduced the thermal conductivity down to
the bulk value, as shown in Figure 13. There, Rtot data is shown over a wide temperature range, but
the extracted thermal conductivities of 0.1 to 0.4 W/mK are very low. A better approach is to obtain a
condition in which 2Rc  Rs . Values from 60–90 W/mK [3], on par with metals, were measured for
NFs attached by the capillary-assisted adhesion method described in Section 2.2.2.

beam (FIB), has been extensively used in literature to reduce thermal contact resistance [44,45].
However, high-energy electron/ion beam amorphized the NFs and reduced the thermal conductivity
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measured for NFs attached by the capillary-assisted adhesion method described in Section 2.2.2.
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Polymer
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may possess properties much higher than their bulk counterparts, and
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accurate
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manipulate individual polymer nanofibers on to test platforms that measure their properties.collector
Here,
(Figures 1, 2 and 5), which makes it possible to position nanofibers within ±1 µm of the desired
location (Figures 6–8) without exposing them to damaging electron beam irradiation. Even after they
are in place, the very high strength and low surface energy of UHWMPE nanofiber render grip strength
an obstacle to accurate mechanical testing results (Figure 12). This issue can be surmounted by gripping
outside the smallest nanofiber region if extra material has accumulated there. Alternatively, longer
grip regions may be effective. With respect to thermal measurements, contact resistance can dominate
the values (Figure 13). We have found that a capillary-assisted technique (Figure 9) can significantly
reduce contact resistance without damage to the nanofiber. While we find these procedures to be
helpful, further manipulation improvements will surely be welcomed by practitioners.
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Appendix A. Specimen Collector Fabrication
Appendix A. Specimen Collector Fabrication
The specimen collector was fabricated by bulk micromachining techniques, as shown in Figure A1.
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Figure A1. Micro fabrication processes of the sample collector.

Figure A1. Micro fabrication processes of the sample collector.

The photoresist was patterned using a Karl Suss MA6 aligner with ultraviolet light of 320 nm
2 for 80 s. The exposed photoresist was then developed by a 1:4 mixture
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developed
by water
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of
with nitrogen.
The photoresist pattern was transferred into the SiNx by reactive ion etching (RIE) using a
Plasmatherm 790 RIE system. A gas mixture of tetrafluoromethane (CF4 ) and oxygen (O2 ) at flow rates
of 19.5 sccm and 0.5 sccm, respectively and a total pressure of 35 mT. An RF power of 60 watts at a
bias of 315 volts was applied to induce plasma. The fluorine in CF4 reacts with the silicon in silicon
nitride to form volatile silicon tetrafluoride (SiF4 ). Carbon can form polymer deposit onto the surface,
reducing the etch rate. Hence, the fluorine/carbon ratio determines the Six Ny etch rate. A higher ratio
provides a higher etch rate. Oxygen can react with the carbon forming volatile gas, which increases
the fluorine to carbon ratio and thus increase the reaction rate. However, oxygen also etches the
photoresist, so an optimum ratio must be found. We obtained an average etch rate of 26 nm/min but
the etch rate decreased over the time due to the polymer deposit. After 6 min, the etching was stopped
and argon gas was used to purge the chamber for 2 min at 200 mT. This was done to eliminate polymer
deposit that would otherwise hinder the SiN etching. The total duration was 12.5 min to ensure all
silicon nitride had been etched. Oxygen plasma was then applied for 5 min at 50 mT and 100 W to ash
the photoresist and remove any residual polymer. The chamber was once again purged with argon at
200 mT for 2 min. The wafer samples were then cleaned using acetone, isopropanol alcohol and DI
water, respectively.
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The wafer was now through-etched using KOH according to SiNx . pattern. KOH etching depends
on the crystal orientation of silicon, the solution concentration and the temperature. Here, KOH pellets
were mixed with DI water to obtain 20% solution, an optimum concentration for (100) Si etching [46].
The solution was heated to 80 ◦ C and the wafer was placed in the solution, whereupon hydrogen
bubbles, indicative of the etching, were immediately observed. The glassware was covered with
aluminum foil to reduce evaporative loss, thereby reducing the KOH concentration increase as the
vapor re-condensed into the solution. However, the foil reacted with the vapor and some holes were
produced. The total etch duration was 7 h for an average etch rate of 78.5 µm/h, less than the reported
etch rate for 20% KOH at 80 ◦ C [46], likely due to the increasing concentration. Etching ceased at the
bottom SiNx layer. KOH etching is an anisotropic etch with the (111) plane etching more slowly than
the (110) and (100) planes, resulting in a characteristic pyramid like structure with 54.7◦ [46]. At the
end of KOH etch, we obtained square holes with the expected 54.7◦ slanted walls. The wafer was
rinsed in DI water, and the remaining SiNx material on the top and bottom was removed after 15 min
in 49% hydrofluoric acid (HF). The wafer was then diced into individual specimen collectors.
Appendix B. Microheater Construction
The micro heater is a sharply bent tungsten wire locally etched at the tip to 5–10 µm. It is
joule-heated to a temperature exceeding 500 ◦ C (Figure 3) at its tip to locally transform a MF into a NF.
It was constructed and assembled as follows: Tungsten wire of 50 µm diameter was purchased from
ESPI metals, cut to a 10 cm length, bent near its center, and adhered to a glass slide. The protruding
bent edge was submerged in a beaker with 30% H2 O2 solution that was held at room temperature
while it was stirred magnetically. The wire was etched until the final diameter at the tip reached
5–10 µm as shown in Figure A2a. The ends of the wire were attached with copper tape for electrical
Actuators 2018, 7,
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attachment.
Figure
A2b shows a fabricated microheater.

3 mm

5 µm

Figure A2. Microheater used for local heat stretching and cutting PE fiber. (a) microheater (b) tungsten
tip
of microheater
with diameter
~3 µm.
Figure
A2. Microheater
used for local
heat stretching and cutting PE fiber. (a) microheater (b) tungsten
tip of microheater with diameter ~3 µm.
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