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achieved in the same section of the device. (B) As an example, a braid σ1σ2σ3
-1 can be made 

by moving the device along the trajectory z(t) shown here. This trajectory is easily 

programmed into the motorized stage. (C) The braid σ1σ2σ3
-1 in panel B corresponds to a 

fishtail braid, shown schematically and rendered here. ........................................................ 61 
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1 SUMMARY 

At high frequencies, current in a conductor is confined to a layer at the surface of the conductor. 

This “skin effect” reduces the effective cross-sectional area of the conductor, thereby increasing 

its effective resistance. Increased conductor resistance can lead to a wide range of potentially 

detrimental effects on system performance, from decreased efficiency of high-frequency power 

amplifiers to reduced signal-to-noise ratio for nuclear magnetic resonance systems. 

 

At low frequencies, skin effect can be mitigated using litz wire, but such wire depends on 

separating a large conductor into individual strands that are each thinner than the skin depth. 

Unfortunately, commercially-available wire is an order of magnitude too large to enable 

fabrication of GHz litz wire today. Even if such wire were available, it would be 100x weaker 

than today’s finest wire and would therefore be impossible to manipulate into litz topology using 

conventional processing methods. 

 

We have developed both wire fabrication procedures and wire manipulation techniques that can 

scale to the extreme dimensions and force regime necessary for fabrication of GHz litz wire. Our 

wire fabrication approach is not a variant of conventional wire drawing. Rather than reducing the 

diameter of a thicker stock wire, we started with long, continuous nanofibers, which were coated 

in the desired material to reach the target (composite) wire diameter. To then manipulate such 

thin wires, we utilized fluid flow through thin capillaries to tension and guide wires while 

reversibly attaching one end to, e.g., the shaft of an electric motor. Individual wires were twisted 

into bundles, and those twisted bundles could then be twisted into larger bundles in a hierarchical 

fashion, resulting in true GHz litz wire (Figure 1). 

 

As noted in Ref. [1], some early references on litz wire claim that it becomes ineffective at 

frequencies significantly above ~1 MHz[2], [3]. While there was no quantitative analysis to 

buttress the claim (and, as we discovered, it is very difficult to analyze in detail), the frequency 

limit of early litz appears in retrospect to be mainly due to limitations in wire fabrication. To 

verify the expected performance enhancement of our nano-litz wire, we fabricated a wide range 

of bundles, both hierarchically twisted into litz topology and ‘untwisted’ comparison bundles. In 

addition, we fabricated individual wires with approximately the same cross-sectional conductor 

area (i.e. approximately the same DC resistance) as the fabricated bundles. These results clearly 

show the expected difference in scaling for nano-litz versus non-litz wires and bundles, 

confirming that litz wire continues to function well into GHz frequencies. 

 

Having shown that wires can be fabricated and manipulated at such challenging length scales, 

and having demonstrated that nano-litz bundles are able to mitigate skin effect at GHz 

frequencies, a key question is whether the wires and bundles could be manufactured at scale and 

at reasonable cost. While a full transition to manufacturability was outside the scope of this 

program, we have demonstrated the key elements that would be required for production of long 

lengths (~10 m) of affordable wire. First, we have demonstrated reel-to-reel transfer of ~meter-

long single-strand electrospun nanofiber. Next, we have developed a contactless electroplating 

processes capable of metal deposition onto seeded nanofibers. Finally, we have used a 

millimeter-scale model to understand the complex dynamics of our wire twisting approach to 

verify that buckling instabilities will not prevent scale-up to meter-scale lengths 
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Figure 1.  A nano-litz bundle of 22 hierarchically-twisted, gold-coated polymer nanofibers. Individual strands (each ~1.2 µm 

diameter) are insulated with 40 nm aluminum oxide. Scale bar, 10 µm 

In the course of this program, many novel techniques and processes were developed in addition to the core processes used for 

demonstrating nano-litz performance. One notable discovery was that elastocapillary interactions between wires and nearby surfaces 

could be utilized to passively twist and braid wires. The simplicity of the apparatus and the complexity of the structures it can 

fabricate suggest that it may provide an alternative, scalable manufacturing approach for manipulation of thin wires, whether for nano-

litz or more broadly. 

Some of the likely first uses of nano-litz include high-sensitivity, room temperature NMR spectroscopy and miniaturized, high-Q 

surface mount inductors for high frequency oscillators and filters. In both of these applications, conventional inductors suffer 

diminished Q due to skin and proximity effect. In the case of NMR, the higher Q that would be enabled by nano-litz wire translates to 

higher signal-to-noise ratio, enabling spectroscopy of more complex molecules in shorter times. For wire wound inductors, nano-litz 

would enable surface-mount components to achieve values of Q comparable to chip-and-wire components, thereby enabling dramatic 

reductions in volume without sacrificing performance 
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2 INTRODUCTION 

2.1 Skin Effect and Proximity Effect 

When a time-varying current is driven through a conductor, magnetic fields are generated that 

give rise to circulating “eddy” currents within the body of the conductor. At sufficiently high 

frequency, this effect, known as skin effect, restricts current flow to the outer surface of the 

conductor (Figure 2). The thickness of this current-carrying layer is set by a length scale known 

as the skin depth, δ:  

𝛿 =  √
𝜌

𝜋𝑓𝜇
, (1) 

 

where f is the frequency and ρ and µ are the resistivity and permeability of the conductor, 

respectively. In copper at the 5G frequency band of 28 GHz, for example, skin effect restricts 

current flow to a surface layer that is only ~390 nm thick (Figure 2). While skin effect is 

typically analyzed in the context of a solid conductor, a related effect, proximity effect, occurs 

when the conductor is composed of many individually insulated strands in parallel. In proximity 

effect, mutual inductance between strands suppresses conduction in the strands near the center of 

the bundle. By reducing the conductor cross-section available for current transport, skin and 

proximity effects can increase the ohmic losses in a system by orders of magnitude. 

 

 
Figure 2.  Skin depth and skin effect. (a), Skin depth versus frequency for bulk copper (ρ= 

1.68E-8 Ω-m). (b) and (c), Finite element simulation of current distribution in a 58 AWG 

copper wire at 28 GHz. (b), Cross-sectional plot of normalized current density. (a), Current 

density versus radial position along the dotted section line in (b) 

The increased ohmic losses due to skin and proximity effects lower the efficiency of wireless 

power transfer, decrease the quality factor (Q) of chip and wire inductors, reduce the resolution 

and sensitivity of NMR spectrometers, and limit the ability to miniaturize microwave electronics. 

At megahertz (MHz) frequencies and below, commercial solutions exist to mitigate skin effect 

using special cable known as litz wire, in which the conductor is separated into many 

individually-insulated strands, each of which has a diameter less than δ (Figure 3). These strands 
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are then twisted into hierarchical twists-of-twists so that each strand varies position between the 

center of the bundle and the outer surface.  

 

 
Figure 3.  Litz wire and its uses. a, Schematic illustration of a hierarchically-twisted litz 

bundle of five bundles of five strands each (for 25 total wires). b-d, Example uses of litz 

wire at sub-MHz frequencies: b, Qi wireless charging mat. c, Induction stove. d, NIST 

WWVB timing signal transmitting tower. 

 

While conventional litz wire works for frequencies up to the tens of MHz, use at frequencies in 

the GHz regime requires the ability to produce and precisely manipulate wire that is 10x thinner 

and 100x weaker than the thinnest available commercial wire. Due to the physics of force scaling 

versus wire diameter, thin wires present unique challenges for manipulation. As wires become 

thinner than ~10 µm (which coincides with the lower limit of conventional wire drawing), 

random and time-varying ambient forces such as electrostatics and laboratory air currents 

become larger than gravity (Figure 4). 
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Figure 4.  Typical laboratory forces acting on a wire. 

 

In the A2P Nano-Litz program, we have developed a series of novel approaches to both wire 

fabrication and manipulation. Our wire fabrication process can produce wire with sub-micron 

diameter over multi-centimeter lengths. Our primary manipulation approach can fabricate 

hierarchically-twisted litz wire bundles containing a total of 50 individual ~1 µm insulated 

strands arranged in various twisted sub-bundles, and we have experimentally confirmed that 

these nanolitz bundles can mitigate skin effect at frequencies of ~10 GHz. In addition, we’ve laid 

the groundwork for manufacturability of ~1 µm diameter wire by developing reel-to-reel 

fabrication of ~1 µm wire and by analyzing the physics of nonlinear geometric instabilities in 

super high aspect ratio filaments. We have also explored alternative manipulation strategies 

utilizing both capillary forces and dielecrophoresis and have investigated the ultimate 

miniaturization regime of braided DNA molecules. 

 

2.2 Fabrication of Thin Wires 

Conventional wire fabrication begins with a large-diameter rod of metal that is drawn through a 

series of consecutively smaller dies to gradually reduce its diameter. As the wire becomes 

thinner than ~40 AWG (~80 µm diameter) handling via conventional methods becomes more 

difficult, wire breakage becomes more common, production rates decrease, and cost per 

kilogram increases significantly (Figure 5 and Ref. [4]). In the case of the thinnest copper wire 

commonly available commercially (58 AWG, ~10 µm diameter), the wire will have undergone 

dozens of drawing operations to achieve a total reduction in area of ~106 relative to the starting 

rod. Below this minimum diameter, the tensile strength of the wire is too low to enable further 

drawing operations. 
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Figure 5.  Normalized cost per unit mass of wire produced via conventional wire drawing. 

In contrast to conventional wire drawing, the wire fabrication process we have developed utilizes 

individual nanofibers as one-dimensional substrates to enable bottom-up fabrication of nano- and 

micro-wires of nearly arbitrary materials. First, using a highly optimized eletrospinning process, 

we produce arrays of individual high-strength polymer nanofibers (Figure 6). These nanofibers 

are transferred to processing fixtures and subsequently coated with the desired materials through 

a variety of deposition processes including physical vapor deposition, chemical vapor deposition, 

atomic layer deposition, and electroplating. Our baseline process utilizes a nanofiber with 

average diameter of ~300 nm, which therefore sets the minimum physical diameter of our wire, 

although thinner nanofibers or individual carbon nanotubes could be used to create thinner wires 

via the same process. Once ready for assembly into bundles, the wires are individually harvested 

and inserted into a custom apparatus for twisting bundles of individual nanowires. 
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Figure 6.  Electrospinning and fiber transfer. (a) Diagram of the electrospinning 

experiment. (b) Schematic of fiber transfer steps from the spoked drum onto a holder with 

double-sided tape. The final holder can be used directly for sputter coating or as an 

intermediate holder to transfer for CVD/ALD holders. (c) Transfer of fibers onto metal 

holder for deposition experiments. The top frame can be attached using screws, avoiding 

any tape that might interfere with CVD or ALD experiments. (d) Scheme of metal coating 

onto polymer nanofibers with different methods. 
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3 METHODS, ASSUMPTIONS, AND PROCEDURES 

3.1 Wire Fabrication 

As illustrated in Figure 6 and described in detail in Reference [5], our wire fabrication process 

utilizes individual, high-strength polymer nanofibers as a scaffold for deposition of various 

metals (and insulators). These metal wires can then be coated in an additional insulating layer to 

form insulated single strands. More generally, this approach can yield individual sub-micron 

diameter wires that are at least several centimeters long from nearly any material or combination 

of materials that can be sputtered, thermally evaporated, or otherwise deposited at temperatures 

up to ~400 °C. 

 

3.1.1 Electrospinning nanofibers of the high-strength polymer PMIA. 

Poly(m-phenylene isophthalamide) (PMIA) was purchased from Sigma-Aldrich (Product No: 

446521-100g, MW ≈ 81,000). It was dried at 140 °C in air before making a solution. It comes in 

chopped fiber form. CaCl2 (Product No: 746495-100g) and N,N-dimethylacetamide (DMAc) 

(Product No: D137510-500mL) were also purchased from Sigma Aldrich and were used without 

further purification. 

 

Sputtering materials were provided by Harvard’s Center for Nanoscale Systems or purchased 

from Kurt J. Lesker. Copper thermal evaporation source was purchased from Kurt J. Lesker 

(99.99% pure, Product No: EVMCU40QXQD).  

 

The Co DLE-CVD precursor used in this work is a cobalt amidinate, bis(N,N'-

diisopropylacetamidinato) cobalt(II) (CoC16H34N4) from Strem Chemical Company, which has 

been reported previously[6]. Tetradecane purchased from MilliporeSigma Chemical Co. was 

distilled from sodium to remove moisture before being used as solvent for the Co amidinate 

precursor.  

 

For the ALD of MnSixOy, tris-tert-pentoxysilanol (TPS) was purchased Sigma-Aldrich (Product 

No: 553441). Manganese (II) bis(N,N’-di-tert-butylacetamidinate) (Mn(AMD)2) was acquired 

from Strem Chemical Company and was also previously reported[6]. 

 

12.0 - 18.0 wt. % PMIA and 8.0 wt. % CaCl2 solutions in DMAc were prepared in 20 mL glass 

scintillation vials with stirring at 140 °C for at least 24 hours. PMIA was typically dissolved 

within one hour after drying. Green Sm-Co stir bars (Sigma-Aldrich, Product No: Z671592) 

were used to stir the viscous solutions, and Teflon sealed caps (Qorpack, VWR Catalogue No: 

16161-188) were screwed onto the scintillation vials to prevent leakage at this high temperature. 

12.0 wt. % PMIA solution was used to generate fibers for the TGA experiments. Most of the 

optimized fiber processing was carried out with 17.5 wt. % PMIA solution.  

 

Electrospinning was done with a commercial climate-controlled electrospinner system (EC-CLI, 

IME Technologies). The climate controller was connected to a compressed dry air line fitted 

with an additional dehumidifier (Fiber Dry Filter FMDR 301-03-AD, PISCO) that reduced the 

chamber humidity down to 2-3% and then re-humidified it to a controlled, preset level. Polymer 
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solution was loaded into a plastic syringe and delivered to the nozzle via polytetrafluoroethylene 

tubing using a syringe pump. The nozzle-to-collector distance was varied between 4 and 12 cm. 

In general, PMIA fibers were spun from a single solution droplet at the nozzle without 

continuous pumping during the experiment. (For more continuous spinning of a yarn of fibers, 

one would need to pump the solution at about 120 µL/h based on our fiber generation rate.) 

 

After initial optimization, most fiber samples were spun while keeping the chamber around 10% 

relative humidity (RH) and 24°C. A 17.5 wt. % PMIA and 8.0 wt. % CaCl2 solution in DMAc 

was used for most of the experiments. Nozzle-to-collector distance was typically kept at 8.0 cm. 

After the collector was brought up to speed at 2500 rpm, electrospinning was initiated by 

applying a +12 kV voltage to the nozzle with respect to the grounded collector. After the jet was 

initiated, fiber diameter and alignment were optimized by lowering the voltage to as low as 5-6 

kV without stopping the jet. Once the voltage was turned on at 12 kV, a droplet at the nozzle 

typically grew and ejected after a few seconds, to form a continuous jet. A rotating drum 

collector (EM-RDC, IME Technologies) covered with aluminum foil was used to prepare mats 

of aligned fibers or a rotating spoked-drum collector (EM-RTC with EM-PSD, IME 

Technologies) with custom windshields was used to prepare single fibers with rotation speeds up 

to 2500 rpm. (The spoked-drum collector originally comes with 12 spokes, and every other 

spoke was removed to only have 6 spokes with increased separation.)  

 

For making single fibers, the jet was initiated at one end of the collector, and once the jet was 

stabilized at a selected lower voltage, the nozzle was translated to the other end of the collector 

(using EM-TNS, IME Technologies) to separate the fibers along the collector. Voltage was 

manually turned off as soon as the nozzle reached the end of the collector. (If the jet was allowed 

to continue beyond one pass over the collector, more fibers got deposited that typically crossed 

and/or stuck to the existing fibers.) A typical experiment lasted under one minute. There was a 

messy region of fibers around where the jet is initialized on the collector, while the aligned 

single fibers covered the rest of the collector. The area of the messy fiber region decreased with 

decreasing nozzle-to-collector separation. 

 

3.1.2 Transferring Nanofibers to Processing Fixtures. 

We used custom frames of varied dimensions for taking the fibers off the spoked collector and 

holding them during depositions. The spoke-to-spoke separation of the electrospinning collector 

was 4.5 cm (after we removed every other spoke to increase this separation, Figure 7a). For 

getting the highest yield, we placed acrylic frames of matching width on three sides of the 

collector first (Figure 7b). Then, narrower frames with double-sided tape along their long edges 

were brought into contact with the fibers to collect them. Without adding the larger holders that 

press onto the fibers at their points of contact with the spokes, harvesting fibers from one side of 

the collector often causes fibers to get pulled from adjacent faces of the 6-sided collector. 
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Figure 7.  Photographs of electrospun nanofibers. (a) Photograph of aligned fibers on part 

of the rotating spoked-drum collector. (b) Photograph of aligned fibers on a transfer 

holder. (c) Photograph of our widest holder with some single fibers attached by double-

sided tape that is suitable for PVD. (d) Photograph of Co coated fibers with CVD. Bright 

illumination from the side results in scattered light from the submicron fibers, making 

them visible to the naked eye. 

It is best to break the fibers away from the frames forcibly during transfer, as merely bringing the 

holder with tape in contact with the fibers and then pulling away may leave fibers behind; i.e., 

the strength of the adhesive (for a tape that is often ¼” wide) is often not enough to break the 

fibers when pulled away. 

 

For physical vapor deposition (PVD), we either added another top frame to the existing double-

sided tape, or we added screws on four corners of a frame where we had threaded holes (Figure 

7c). This was done so that the holder can be flipped between two PVD depositions to improve 

conformality without bringing the fibers in contact with a surface to which they might possibly 

adhere. Qualitatively, we found that the fibers can be brought into contact and lifted back from 

smooth Si wafer or glass surfaces, but if they get into contact with a plastic surface, they often 

strongly adhere to it and break off the holder. Most of the holders and screw caps we used are 

1/8” thick, but we also used 1/16” thick top and bottom frames for certain sputtering experiments 

that required thinner samples.  

 

We used double-sided Kapton tape (McMaster-Carr, Product Numbers 7361A11 or 7361A12) 

for most of our deposition experiments. Especially during dry seasons, Kapton tape often 
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becomes non-sticky, in which case we revived its adhesiveness by wetting it with isopropanol 

before starting to collect fibers. For parts that did not need to go into a deposition chamber 

(transfer holders, fixing holders to surfaces, etc.), we used a fiber glass reinforced cloth masking 

tape (McMaster-Carr, Product Number 7566A1) which is more conveniently handled and can be 

removed from most surfaces without leaving a residue. 

 

Between experiments, fibers were kept in petri dishes that were stored in a desiccated 

environment or vacuum sealed in a plastic bag with silica gel packs. When first placing the fibers 

into a petri dish, it is important to reduce static charge using an anti-static gun. The entire inside 

of the petri dish needs to be thoroughly neutralized; otherwise fibers sag and become slack. Brief 

tests show this sagging is reversible, but if left sagging, the fibers can slip on the tapes from the 

sides and sag permanently; this adds a complication to the conformality of a CVD coating. 

Especially when using wide gapped (Figure 7c) or thin (1/16”) holders, this sagging can cause 

the fibers to touch the bottom of the plastic dish, at which point they become strongly attached 

and eventually break.  

 

For deposition processes operating at high temperatures, we needed to use a mechanically 

clamped holder to avoid issues with tape adhesive. Our clamped holder design consists of 

3.5”x1” frames with a central gap of 0.52” with three holes along the long edges that are 

threaded for the bottom part and through holes for the top part. More holes increase grasping 

efficiency at the cost of potentially breaking fibers in their vicinity. We found it necessary to add 

a layer of Kapton film (typically by attaching it to the bottom frame with double-sided tape on 

the edges) that serves as a gasket. Without that, we more commonly observe fibers breaking 

during depositions – especially for chemical vapor deposition processes that operate at a larger 

flow rate of gases. Fibers were first transferred onto an acrylic frame with a gap that is larger 

than the mechanical holder. We used the same acrylic holders with a width matching the spoke 

separations that we described above for fixing the 6 sides. The bottom part of the clamped holder 

is fixed on a surface (using large pieces of double sided tape). The intermediate holder is then 

placed so the fibers stretch along the bottom part of the holder, and the intermediate tape is also 

fixed on the same surface. The top frame is then lowered gently onto the bottom part, 

sandwiching the fibers in the middle (Figure 6c), and screwed in place. Afterwards, the transfer 

holder can be removed, breaking fibers outside the clamped region seemingly without affecting 

the fibers within. If the fibers are held strongly, we can avoid fibers breaking during CVD. 

Figure 6d shows a mechanically clamped holder with fibers after being coated with CVD. Apart 

from serving as a pliable gasket layer, the polymer film might also be enhancing grasping 

efficiency due to strong van der Waals forces with the fibers. We found that after depositions, if 

the top frame is gently removed, many fibers often remain suspended and attached to the Kapton 

film on both sides (though they certainly break in the absence of a Kapton film). 

 

3.1.3 Removing CaCl2 from electrospun PMIA nanofibers 

CaCl2 was added to the electrospinning solution to improve solubility of PMIA. Unfortunately, 

the presence of a hygroscopic salt in the electrospun nanofibers often led to undesirable 

absorption of water, particularly for nanofibers that were exposed to high humidity (Figure 8 and 

Ref. [5]). By washing the nanofibers with DI water, salt content in the fibers could be greatly 

reduced. 
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Figure 8.  Humidity-dependent morphology evolution: (a) SEM image of a bumpy Pt/Pd 

alloy (80/20) coated PMIA fiber. (b) Fiber kept in vacuum for 2 hours before imaging. (c) 

Fiber exposed to ambient air at ~30% RH for 2 hours. (d) Fiber annealed with a high flow 

rate 45% RH air at room temperature. (e) Fiber annealed with a high flow rate 60% RH 

air at room temperature. (f) Fiber annealed over a beaker of hot water for 6.5 hours. (g) 

Fiber where CaCl2 is mostly removed by treatment with an ultrasonic humidifier for 6 

hours. (h) After CaCl2 was removed with the previous treatment, fibers were exposed to a 

high flow rate of 60% RH air as in part d, but they did not roughen nearly as much. (All 

fibers were coated with a thin layer of Pt/Pd alloy (80/20) to assist with imaging.) 
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3.1.4 Metal deposition onto high-strength polymer nanofiber scaffolds. 

Metal coatings were deposited onto suspended PMIA fibers using PVD (i.e., either sputter 

coating or thermal evaporation) to make conductive wires with sub-micron diameters. Since both 

these methods use line-of-sight deposition with respect to the source materials, depositions were 

performed from two different sides of the holders with PMIA nanofibers (Figure 6d). 

 

PVD often provides non-conformal coatings around the fibers (Figure 9). For sputtering, 

conformality seems to be somewhat improved with certain metal targets, such as Ag (Figure 10), 

while Au sputtering consistently gives off-centered coatings. Sputtered fibers occasionally 

become slack within their frame fixtures, which confounds the problem. We have also observed 

that sputtering of Cu under our conditions often leads to samples becoming more brittle, and 

wires tend to break off from their frames after metal deposition. More stable Cu coated wires can 

be prepared with thermal evaporation of copper, and the slacking behavior is much less apparent. 

As the fibers remain tightly held within their fixtures, evaporation of a thin layer of Cu (75 nm 

onto two sides of the fibers) seems to yield a conformal coating, but a thicker deposition yields 

the wire cross-section with two crescent shaped coatings on two opposite sides of the wire. 

 

 
Figure 9.  Non-conformal physical vapor deposition on nanofiber scaffolds. (a) Platinum 

sputter coated fiber and (b) its cross-section. (c) Cross-section of a fiber sputter coated with 

titanium from one side only. Cross-sections of (d) gold, (e) copper, and (f) cobalt coated 

fibers sputtered from both sides 

 
Figure 10.  Conformal physical vapor deposition on nanofiber scaffolds. (a) Fiber sputter-

coated with Ag from both sides and (b) its cross-section 
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3.1.5 Deposition of electrical insulation onto ~1 µm diameter metal wires 

A variety of deposition processes were utilized to fabricate insulated wires using our process. We 

deposited Al2O3 with atomic-layer deposition (ALD),  parylene with chemical-vapor deposition 

(CVD), and Teflon-like coatings with initiated-CVD (iCVD). Most of our electrical 

measurements were done with ALD alumina. 

 

3.2 Reel-to-Reel Processing of Nanowires 

Electrodeposition of metal layers onto PMIA nanofibers would enable a low cost, scalable route 

to production of fine wire. A key challenge is that the small diameter of the nanofiber results in a 

high resistance per unit length. It is therefore advantageous if the anode and cathode contacts to 

the wire can be located in close proximity to each other. While the cathode contact can be made 

directly to the spool if the spool is in electrical contact with the wire, the spool is often several 

centimeters away from the plating region. 

 

The problem was decomposed into several steps of increasing difficulty. We first developed the 

capability to transfer meter-scale lengths of individual PMIA nanofiber onto and between spools. 

We next developed methods to electroplate onto individual suspended PMIA nanofibers. We 

then developed a contact-less electroplating approach and demonstrated its efficacy using 

commercial wires in a reel-to-reel configuration. Finally, we developed a micro/mesofluidic 

platform capable of performing the contact-less electroplating on seeded nanofibers in a 

monolithic device. 

 

3.2.1 Reel-to-reel transfer of PMIA nanofiber. 

In order to metallize meter-length scale wire in the sputtering chamber, we developed a system 

for transferring continuous lengths of the Nomex nanofiber from the 6” drums used as collectors 

during electrospinning to 1” spools suitable for subsequent processing. An obvious challenge for 

reel-to-reel processing of nanofiber is the low yield strength of the nanofibers (as low as 50-80 

µN). Rather than attempt to mechanically tension the nanofiber, which is the common approach 

used with larger wires or fibers, we developed a process utilizing fluid droplets and surface 

tension to tension and guide the nanofiber during spooling (Figure 11). We estimate that, for 

fibers of 100 nm diameter, our approach could apply tensile forces on the order of 0.1 µN, much 

less than the 50 µN yield strength of the fiber.  
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Figure 11.  Controlling tension during spooling of PMIA nanofiber. a, Schematic illustration 

of our tensioning process utilizing hydrophilic interactions between the nanofiber and a 

water meniscus to provide controllable sub-micronewton forces to tension the nanofiber 

during spooling. b, Image of PMIA nanofiber in contact with water meniscus during 

spooling. c, Image of PMIA nanofiber wound around target spool. 

 

In order to increase the efficiency and repeatability of transferring nanofibers between spools, the 

apparatus was automated using three stepper motors (Figure 12). One stepper motor was used to 

rotate the electrospinning collector, another was used to rotate the secondary spool, and the third 

was used to translate a stage holding an over-filled vial of water with protruding meniscus used 

for tensioning the nanofiber. To initiate the transfer, adhesive tape is pressed to a section of 

nanofiber on the first spool. While the initial spool is rotating, the tape is then slowly guided 

across the apparatus to the target spool and pressed to the target spool, anchoring the nanofiber.  

The nanofiber is intentionally kept loose to prevent accidentally tensioning and breaking the 

nanofiber. The water meniscus protruding from the glass vial is placed in contact with the 

(slightly hydrophilic) nanofiber, attracting the nanofiber to the surface of the water, and the vial 
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is then placed onto the linear stage. Hydrophilic interactions between the nanofiber and meniscus 

maintain tension on the nanofiber as it is then transferred from spool to spool.  

 

 
Figure 12.  Motorized reel-to-reel nanofiber processing. a) CAD model of spool-to-spool 

transfer system and b) actual transfer apparatus. C) Successful transfer of 1.2 m of PMIA 

nanofiber onto a spool 

3.2.2 Metallization of Nomex fiber spools using sputter deposition 

A vacuum-compatible spool rotation device was designed to continuously rotate the small 

Nomex spools during processing in a load-locked sputtering system (Figure 13). By continuously 

rotating the spools during deposition, the nanofibers could be nearly uniformly coated (except for 

the areas of the wires in contact with the spool’s tines). An initial layer of 10 nm Ti and 20 nm 

Au was deposited onto the fibers to use as a seed layer for subsequent electroplating. 
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Figure 13.  Apparatus for continuously rotating a spool during sputter deposition. Left, 

Optical image of apparatus (6” diameter). Center and Right, FIB cross-section of 

completed sputtering, showing the ~300 nm diameter PMIA nanofiber coated with ~30 nm 

of metal 

 

While this approach did prove effective for metalizing the PMIA nanofiber, we found it difficult 

to reliably unspool the nanofiber after sputtering. Often the nanofiber would stick to a tine on the 

spool, likely because of adhesion from the conformal sputtered film. Additional research would 

be required to optimize the seed layer deposition or preparation process, potentially including 

investigation of alternative metallization approaches such as electroless metal deposition. 

 

3.2.3 Conventional electroplating 

  The synthesized nanolitz wire discussed in section 3.1 was fabricated using ~2 cm long PMIA 

nanofibers coated with sputtered gold. While sputtering enabled rapid process development, a 

wire fabrication process utilizing electroplating would enable more economical production of 

wires, especially if larger diameter wires are desired. Electroplating onto nanofibers has two 

main challenges: making high quality electrical contact to the seed layer while keeping the high 

conductivity leads out of solution, and making an electrical contact without introducing a force 

greater than the 50 µN yield strength of the fibers.  

 

Our process development began by using stationary nanofibers. The PMIA nanofibers were 

mounted on frames as described in Section 3.1.2. The electrochemical cell was comprised of a 

platinum wire counter electrode (plating anode) and the seed-coated PMIA nanofiber as the 

working electrode (plating cathode). The platinum wire was immersed in the gold plating 

solution in a tee-junction, and the PMIA nanofiber was loaded into the plating meniscus. 

Electrical contact to the PMIA nanofiber was achieved by covering the end of the seed-coated 

PMIA nanofiber with conducting epoxy to ensure electrical connection to the frame and 

contacting the frame using mechanically-clamped test leads, as shown in Figure 14. 

Electroplating was performed at the manufacturer’s recommended current density of 4 A/ft2. 

Typical electroplating experiments yielded films of thickness in the range of 1s-10 µm. The film 

was found to be highly conformal and uniform (Figure 15 shows an example of uniformly plated 

Nomex wire with a thick gold shell surrounding the Nomex filament).   
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Figure 14.  Electroplating bath set up. A syringe pump circulates electroplating solution as 

it passes through a water bath to raise the temperature and provide more conformal 

plating. The wires are plated where there is an exposed meniscus of electrolyte providing 

isolation and mechanical support for the wire as it is plated.  

 

     

Figure 15.  SEM images of PMIA nanofiber electroplated using a current density of 8 

mA/cm2 to achieve a ~5 µm-diameter wire  

 

However, while a traditional electroplating cell set up with direct electrical contact works for 

short wires, it would be difficult to scale such an approach to reel-to-reel processing of meter-

long wire because of the high series resistance of the seed layer. We therefore designed an 

approach that allows for contactless electroplating. 
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3.2.4 Contactless Electroplating Using A Closed Bipolar Electrochemical  Configuration: 

Proof of Concept. 

 

 
Figure 16.  Basic set up of an indirect bipolar electrodeposition (BPE) of gold onto the 

PMIA filament. The platinum wires are connected to power and a current is driven 

through. Oxidation/reduction reactions drive ionic current in solution allowing for the 

PMIA metal-seeded fiber to also under-go redox reactions leading to gold metal plating 

(V=0.7 V), while hydrolysis occurs in the salt solution (V=1.23 V). Current flows through 

the filament closing the circuit. 

 

As discussed in previous sections, the very low yield strength of the PMIA fibers has led us to 

develop creative solutions for wire handling and manipulation using fluids and surface tension to 

guide the wires. In the case of electrodeposition, we have designed an indirect bipolar 

electrochemical cell for contactless plating. In a bipolar cell, there are typically two driving 

electrodes that are connected to the power supply, in our case two platinum electrodes. The 

bipolar electrode, in our case the seeded PMIA fiber, bridges the two fluid streams, and is at an 

intermediate floating potential allowing for electronic current to flow through but not ionic. This 

configuration is a closed bipolar electrochemical cell (CBPE) [1] (Figure 16). In our cell, 

hydrolysis reactions occur in the salt water solution, while gold plating reactions occur in the 

metal plating solution, thereby requiring at a minimum ~2V of potential to drive the desired 

reactions. 

 

To first prove that we could control gold electroplating using a CBPE set up, we ran current 

through 1 mil copper wire isolated between two baths of gold plating solution and 3.5 M KCl 

solution. We immersed an initial 23 cm length of 25 micron copper wire into plating solution and 

ran pieces for 7.5 min, 15 min, and 45 min. We observed for a driving current between 1.7 to 

0.85 mA (slowly reduced to adjust for shorter lengths) an equilibrium voltage between 2.2 and 

3.2 V. Over 45 min we are able to plate 20 microns of gold on top of the copper wire (Figure 17). 

EDAX analysis also showed that the coating was nearly 100% gold, with copper completely 

masked by the plated film.
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Figure 17.  1 mil copper wire plated in gold using CBPE set up. Over time the thickness plates from 2 microns to 14 and finally 

to 20 micron thick gold over 45 minutes, demonstrating a scalable process. Scale bar is 10 microns. 

 

Following this demonstration, we scaled up to a circulating plating bath where we could integrate the spool-to-spool configuration. 

Figure 18 shows a schematic of the recirculating bath, where platinum electrodes are installed on either side of an open channel where 

a droplet forms, and the wire is fed through the streams. While the configuration shows a feed through with the salt stream first, we 

have also plated with the gold solution first which has the added benefit of reducing resistance as gold is plated onto the wire. Figure 

18 shows the actual set up. Teflon tubing is used to help create a droplet interface in the fluid line. 

 

 
Figure 18.  Reel to reel CBPE electroplating using fluid droplets. Two platinum covered titanium rods are used as both the 

anode and cathode in two separate streams of conductive saline and gold plating solution which are bridged by the wire.
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We tested the reel-to-reel set up with 10 micron copper wire, running a length of approximately 

5 cm. The wire was fed  a rate of 0.04 cm/min through a 0.5 cm droplet at a current of 10 µA 

(Figure 19).  

 
Figure 19.  Segment of copper wire coated in gold using the reel-to-reel CBPE set up. 

A large challenge of the set up given in Figure 18 is that the fluid stream must be continuous 

between the platinum electrodes and the open droplets to ensure that the circuit is complete. If a 

droplet breaks due to mismatched inlet and outlet flows then the circuit breaks, the voltage hits a 

safety limit, and the potentiostat shuts off thereby stopping the electrodeposition. In addition, 

when droplets break they can also pull the wires causing the filament to break. Thus, to scale to 

meter-length scales we re-designed the plating set up to utilize a fluidic chips. 

 

A “meso” fluidic chip was designed to continuously circulate plating solution while allowing for 

a wire to feed through the middle of the channels. The chip design is depicted in Figure 19, with 

a 3 mm thick gasket, and 1 cm wide plating channel. In this design, we have put in an air gap 

between the salt and gold solutions to isolate the solutions and force current to travel via the wire 

and not ionically through solutions. A future configuration could use water to keep the system in 

a The fully integrated set up with the reel-to-reel transfer of the wires is shown in Figure 21. 

Similar to the previous set up, solutions are circulated through the chip and the platinum driving 

electrodes are immersed in the fluid channels, upstream of the plating filament. 

 

     
(a)        (b) 

Figure 20.  (a) Mesofluidic chip for contactless electroplating onto a continuously-moving 

nanofiber scaffold (b) Exploded drawing of chip detail view. 
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(a) 

 
(b) 

 

Figure 21.  (a) Design of the reel-to-reel electroplating system. (b) Top view of the system. 

 

Using the mesofluidic chip, we were able to scale up from 5 to 85 cm of gold-plated copper wire. 

We started with 0.7 mil copper wire, applying 24 µA of current and feeding the wire at 0.5 

cm/min, for a final gold plating thickness of 500 nm (Figure 22). 
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Figure 22.  Gold plated copper wire section form 85 cm run. Scale bar is 10 microns. 

 

Finally, we successfully loaded short PMIA fibers off the harvested frames into the mesofluidic 

chip and electroplated gold using the CBPE configuration, with a driving current of 0.27 µA over 

250s, resulting in 150 nm thick gold film (Figure 23). Figure 23 is a FIB cross section of the 

plated wire, revealing a PMIA core with a sputtered copper core and an electroplated gold shell 

on the outermost layer.   

 

 
Figure 23.  Gold-plated PMIA wire. Scale bar, 500 nm. The PMIA core used for this 

investigation had multiple concentric layers resulting from presence of CaCl2, as described 

in Section 3.1.3. 

 

This effort has demonstrated the feasibility of plating meter-scale lengths of fine fibers. Scaling 

up of metallization of the PMIA filaments can best be achieved by moving from sputtered 

deposition of seed layers to electroless plating integrated into the mesofluidic chip. In addition, 



 

24 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

integrating polymer insulation following the metallization coating step would allow for a fully 

integrated reel-to-reel process from polymer backbone to fully functional wires (Figure 24) 

 
Figure 24.  Schematic diagram illustrating a multi-stream approach to creating an 

insulated electroplated wire using an electroless strike on a polymer filament followed by 

electroplated metal and a final insulating polymer coating. The streams listed are (a) 

electroless metal, (b) saline, (c) rinse, (d) metal electroplating, and (e) polymer solutions. 

 

3.3 Nanofiber Manipulation 

3.3.1 Hydrodynamic Manipulation 

After successfully fabricating wires of ~1 µm diameter and multi-centimeter length, we then 

developed methods to manipulate individual wires into the requisite hierarchically-twisted 

topology needed for suppression of skin and proximity effects.  As illustrated graphically in 

Figure 4, wires of the dimensions used in the A2P program are difficult to manipulate using 

traditional mechanical approaches. First, they are fragile, and second, they tend to fly away 

uncontrollably due to common ambient forces such as air currents and electrostatics. The 

approached we developed utilized hydrodynamic drag to simultaneously screen ambient 

electrostatic forces and provide controllable tension to counter the tensile force exerted on the 

wires during twisting. 

 

A schematic diagram of our process flow for twisting wires into bundles is shown in Figure 25. 

Briefly, fabricated wires are transferred from the processing frame onto individual silicon 

substrates (~0.8 mm x 0.5 mm x 25 mm). Wires are temporarily anchored to the silicon 

substrates using water-soluble polyacrylic acid (PAA) and are permanently attached to “mu-

metal” discs of high magnetic permeability metal (~1.5 mm diameter), which are in turn 

temporarily attached to the silicon using PAA. After practice, this process was found to be highly 

repeatable (>90% yield) and relatively fast (<1 minute per wire). 

 

After repeating the process for each wire in the bundle, the silicon substrates were inserted into 

individual capillary tubes in a custom fixture (Figure 25b). Once submerged, the water-soluble 

PAA dissolves, releasing both wires and mu-metal attachments. The fixture draws water through 

the capillary tubes to tension each wire individually. 
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Figure 25.  Twisting nano-litz bundles from individual nanowires. a, Placing an individual 

metal-coated PMIA nanofiber wire onto a silicon substrate, affixing with water-soluble 

adhesive, and attaching a disc of mu-metal to one end. b, Wires mounted on substrates are 

inserted into separate capillary tubes, and the entire apparatus is submerged in water. A 

pump draws water through the capillaries, releasing the water-soluble adhesive. The 

oversized mu-metal discs prevent the wires from being sucked into the apparatus, while 

flow tensions the wires within the capillaries. A motor shaft with magnetic tip placed in the 

center of the capillary array attracts the mu-metal discs, providing reversible attachment 

of wires to the motor shaft. To twist a bundle, the motor turns while the shaft is withdrawn 

from the fixture. c, After twisting, the free end of the twisted bundle is drawn into the 

capillary of a second fixture to provide tension while the bundle is placed on a new 

substrate. d,  If the bundle will be twisted into a twist-of-twists, a new mu-metal disc can be 

attached to the bundle and the previous discs removed. If the bundle is to be electrically 

measured, it can be placed directly onto an electrical test substrate and bonded. 

 

3.3.2 Assembly of Untwisted Bundles 

Control bundles of nominally untwisted wires were assembled by harvesting wires directly onto 

a fixture having two adhesive tabs. Due to the small dimensions of the wires, it was challenging 

to accurately place wires into a bundle. To maximize yield and placement accuracy, a fixture was 
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fabricated to allow the sequential capture of fibers and allow placement and attachment to the 

adhesive anchors to be tightly controlled (Figure 26).  

 

Two pieces of double stick kapton tape adhere to the fibers as they are placed. Placement of 

individual wires is achieved by lowering a frame of fibers onto the fixture while aligning an 

individual wire to the tape anchors. The tip of a hobby razor is used to press each end of the wire 

onto the tape anchors to ensure the fiber is captured in the adhesive layer on both ends. This 

process is repeated until the desired number of wires are captured.  

 
Figure 26:  The setup for capturing untwisted nanofibers is shown. Number 1 represents 

the fixture, 2 the frame of wires, 3 the kapton tape, and 4 the nanofibers that have been 

captured previously.  

 

After the wires have been attached to the tape anchors, an additional adhesive layer of UV cure 

epoxy is added to ensure the wires remain affixed to the kapton tape anchors even during 

immersion in water. The fixture containing wires is then slowly passed through an air/water 

meniscus with the bundle of wires oriented orthogonal to the plane of the meniscus. Capillary 

forces draw the wires together, collapsing the wires into a tightly-packed bundle. The bundle is 

then transferred onto a borofloat glass substrate for electrical testing (Figure 30). Interactions 

between the bundle and the substrate during the final transfer process occasionally cause the 

bundle to spread apart slightly, reduce packing density.  
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Figure 27:  An untwisted bundle after transfer to a borofloat glass electrical measurement 

substrate. The bright yellow region is a Cr/Au bonding pad 

    

3.3.3 Plectoneme Formation and Suppression in Flexible Filaments 

Twisting filaments from one end can cause them to buckle and form ‘plectonemes’ – an effect 

familiar to many gardeners coiling garden hose. Our bundle twisting process relies on twisting 

from one end, so we wished to understand how the physics of helical buckling depended on wire 

length and other parameters. This information would enable us to determine whether this 

twisting approach could be used for significantly longer wires in a manufacturing context. 

Flexible filaments with low Young's modulus were made from silicone rubber (Oomoo 30 and 

Mold Max 30, Smooth-On Inc.). Silicone rubber compounds were mixed and degassed, and then 

cast into filaments by filling a custom aluminum shell enclosure with channels machined using 

ball end-mill bits to create cylindrical filaments. The filaments were cured for 24 hours and then 

released from the mold. Filaments were cut to varying lengths of 8-14 cm. Tensile testing 

(ESM301, Mark 10) was used to measure the Young's modulus of the filaments. 

 

Filaments were loaded into a rotating fixture and submerged into a circulating glycerine tank 

(Figure 28). In order to mount the filaments axially and create a stable fluid transition from the 

rotary shaft to the filament, the silicone filaments were threaded into 1/16'' outer diameter PEEK 

tubing of corresponding inner diamters and epoxied in place. The rigid PEEK tubing was then 

secured to a 3/8" threaded shaft with a nut and ferrule. The shaft was mounted via a gearbox to a 

1:100 gear motor (Pololu, Inc.), and the angular velocity of the shaft was measured using a Hall 

sensor. The glycerine tank was circulated (Dayton Rotary Pump 1/2 HP, Grainger) through a 

flooded bath into a 4'' diameter clear PVC pipe allowing for fully developed flow around the 

filament and also minimized optical distortion. Fluid flow rates were measured using a positive 

displacement flow meter (Omega). Due to the hygroscopic nature of glycerine, the viscosity was 

measured regularly (Brookfield Viscometer). Photos and video were taken from a head-on 

perspective using a digital SLR camera and video camera. 
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Figure 28.  Experimental apparatus for twisting a filament immersed in a recirculating 

fluid bath. Left, Schematic diagram of apparatus. Right, Image of filament and tank 

Table 1 lists the parameters varied experimentally and the associated observed events (stable, 

unstable, plectoneme). 

 

Table 1.  Experimental parameters of macroscale twisting experiments 

a (µm) L (cm) E (MPa) Flow rate 

(mL/s) 
ω (rad/s) η (Pa-s) Behavior 

381 12 1.43 0 6.4 0.9 Unstable 

381 12 1.43 0 10.5 0.9 Plectoneme 

381 12 1.43 0 21.0 0.9 Plectoneme 

381 12 1.43 0 32.9 0.9 Plectoneme 

381 12 1.43 0 49.4 0.9 Plectoneme 

381 12 1.43 1.1 7.0 0.9 Stable 

381 12 1.43 1.3 11.9 0.9 Stable 

381 12 1.43 1.5 22.9 0.9 Stable 

381 12 1.43 1.6 34.8 0.9 Stable 

381 12 1.43 1.4 50.3 0.9 Plectoneme 

381 11 1.43 0 7.6 0.9 Unstable 

381 11 1.43 0 13.0 0.9 Unstable 

381 11 1.43 0 23.8 0.9 Unstable 

381 11 1.43 0 35.7 0.9 Unstable 

381 11 1.43 0 52.2 0.9 Plectoneme 

381 8 1.43 0 51.2 0.9 Unstable 

381 8 1.43 0 7.8 0.9 Stable 

381 8 1.43 0 11.9 0.9 Stable 

381 8 1.43 0 22.9 0.9 Unstable 

381 8 1.43 0 36.6 0.9 Unstable 
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381 8 1.43 0 52.2 0.9 Plectoneme 

381 8 1.43 0.9 8.2 0.9 Stable 

381 8 1.43 1.1 12.8 0.9 Stable 

381 8 1.43 1.2 24.0 0.9 Stable 

381 8 1.43 1.3 34.8 0.9 Stable 

381 8 1.43 1.4 54.0 0.9 Stable 

381 8 1.43 0.6 53.1 0.9 Unstable 

381 11 1.43 0.8 7.7 0.9 Stable 

381 11 1.43 0.9 13.0 0.9 Stable 

381 11 1.43 0.9 23.8 0.9 Stable 

381 11 1.43 0.9 37.5 0.9 Unstable 

381 11 1.43 1 56.7 0.9 Unstable/Plectoneme 

381 11 1.43 0.5 54.0 0.9 Unstable/Plectoneme 

178 10 1.43 0 6.4 0.9 Plectoneme (double) 

178 10 1.43 0 11.0 0.9 Plectoneme (triple) 

178 10 1.43 0 22.0 0.9 Plectoneme (triple) 

178 10 1.43 0 32.9 0.9 Plectoneme 

(multiple) 

178 10 1.43 0 51.2 0.9 Plectoneme 

(multiple) 

178 8 1.43 0 7.0 0.9 Plectoneme 

178 8 1.43 0 12.1 0.9 Plectoneme (double) 

178 8 1.43 0 23.8 0.9 Plectoneme (triple) 

178 8 1.43 0 32.9 0.9 Plectoneme (double) 

178 8 1.43 0 51.2 0.9 Plectoneme 

(multiple) 

178 11 1.43 0 8.1 0.9 Plectoneme (double) 

178 11 1.43 0 12.1 0.9 Plectoneme (double) 

178 11 1.43 0 22.5 0.9 Plectoneme (triple) 

178 11 1.43 0 32.9 0.9 Plectoneme 

178 11 1.43 0 51.2 0.9 Plectoneme 

(multiple) 

381 11.5 0.48 0 8.2 0.9 Plectoneme 

381 11.5 0.48 0 12.6 0.9 Plectoneme 

381 11.5 0.48 0 23.8 0.9 Plectoneme (double) 

381 11.5 0.48 0 33.9 0.9 Plectoneme (double) 

381 11.5 0.48 0 51.2 0.9 Plectoneme 

381 11.5 0.48 1.3 8.4 0.9 Stable 

381 11.5 0.48 1.5 12.8 0.9 Stable 

381 11.5 0.48 1.6 23.8 0.9 Stable 

381 11.5 0.48 1.5 34.2 0.9 Stable 

381 11.5 0.48 1.6 51.2 0.9 Plectoneme 

381 14 0.48 0 8.2 0.9 Unstable 
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381 14 0.48 0 12.6 0.9 Plectoneme 

381 14 0.48 0 23.8 0.9 Plectoneme 

381 11 0.48 1.2 4.4 0.9 Stable 

381 11 0.48 1.3 9.2 0.9 Stable 

381 11 0.48 1.4 21.0 0.9 Stable 

381 11 0.48 1.6 32.9 0.9 Stable 

381 11 0.48 1.7 51.2 0.9 Plectoneme 

178 10 0.66 1.1 7.3 0.9 Stable 

178 10 0.66 1.1 11.0 0.9 Stable 

178 10 0.66 1.2 22.0 0.9 Stable 

178 10 0.66 1.2 32.9 0.9 Plectoneme 

178 10 0.66 1.2 47.6 0.9 Plectoneme (double) 

178 8 0.66 1.2 6.2 0.9 Stable 

178 8 0.66 1.3 11.7 0.9 Stable 

178 8 0.66 1.3 22.0 0.9 Stable 

178 8 0.66 1.3 32.9 0.9 Stable 

178 8 0.66 1.4 43.0 0.9 Stable 

178 8 0.66 0.6 45.8 0.9 Plectoneme 

381 14 0.48 1.2 6.4 0.9 Stable 

381 14 0.48 1.2 11.0 0.9 Unstable 

381 14 0.48 1.1 22.0 0.9 Plectoneme 

381 14 0.48 1.2 32.9 0.9 Plectoneme 

381 14 0.48 1.2 47.6 0.9 Plectoneme 

 

 

3.3.4 Elastocapillary Manipulation 

In parallel to the fluidic manipulation described above for twisted bundles, we developed 

methods to programmatically assemble arbitrary braid topologies at the nanoscale without 

damaging the delicate fibers. Mechanical approaches that are widely used in industry to fabricate 

complex braids are unsuitable for this purpose because (1) each machine is expensive and can 

make only a limited number of topologies, and (2) these machines work with fibers or wires that 

are typically 100 micrometers in diameter or larger; fibers smaller than this can easily break. 

 

Our approach takes advantage of repulsive capillary forces to effectively trap and move small 

pieces of PDMS (“floats”) at the air/water interface inside channels of our devices (Figure 29). 

Although capillary forces have been widely used in self-assembly [7]–[13], repulsive capillary 

forces, which arise from two interacting surfaces with opposite signs in wettability[14], are often 

overlooked. To braid wires, we tie them to the floats and fill the device with water. The inner 

surfaces of the device are shaped so that as the water level changes, the repulsive capillary forces 

on the floats change, causing them switch places in a sequence according to the desired braid 

(Figure 29).  
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Figure 29.  Braids are formed when the device (in gray) is cycled up and down in water. 

Inside the device we place floats that are attached to wires. As shown in the left inset, the 

floats are repelled from the walls of the device by capillary forces. To ensure that these 

forces are repulsive, the contact angle of the float must be opposite from that of the device. 

As the device moves, the change in shape of the meniscus drives the floats to move in a 

prescribed pattern. The wires also move in that pattern to form braids. The 3-strand braid 

commonly seen in hair is shown as an example on the right, along with its mathematical 

braid-group description. 

  

3.4 Electrical Measurements 

While a direct frequency-dependent measurement of AC resistance RAC would be ideal, this is 

not possible at GHz frequencies. At GHz frequencies, it is typical to use a vector network 

analyzer (VNA) to measure the amplitude and phase of reflected and transmitted power waves 

(called S-parameters); device characteristics are then deduced from analysis of the amplitude and 

phase information of the S-parameters. Our primary measurement approach was designed to 

measure the resistive losses in straight sections of wire at a single frequency with maximum 

sensitivity. Samples were mounted and electrically bonded to contact pads on electrically-

insulating, rigid substrates. Due to both impedance mismatch between feed lines and the sample 

as well as the indirect capacitive coupling, the samples formed resonant cavities whose 

transmission and reflection characteristics could be probed. This measurement approach had 

several advantages: it minimized the amount of sample manipulation required for mounting; it 

allowed repeated measurements of various samples without further mechanical manipulation of 

the samples; it was relatively insensitive to sample position; it permitted use of high-quality 

microwave SMA connectors to increase repeatability; and it increased the measurement 

sensitivity by enhancing the interaction time with the sample at the cavity resonance. This last 

advantage was important only in light of the relative immaturity of nano-litz bundle 

manufacturing capability. For larger bundles containing a greater number of strands, the scale of 

performance enhancement increases, obviating the need for such sensitivity. 

 

For the majority of our electrical measurements, sample bundles and wires were placed 

approximately straight onto narrow pieces of borofloat glass (dimensions 0.7 mm x 0.525 mm x 

30 mm) and PEG bonded to Cr/Au contact pads spaced 6.0 mm apart (as shown in Figure 25). 

Once placed and bonded, samples could be probed via the contact pads to measure DC resistance 
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and could be reversibly placed onto a custom measurement fixture for measurement of high-

frequency characteristics. 

The typical resistance of wires and bundles were within ~20% of predicted values based on 

typical wire diameters (as measured by FIB cross-section and electron microscopy) combined 

with measured electrical resistivity of witness samples sputtered concurrently with wires (which 

for sputtered Au, ranged from 5.2e-8 to 6.5e-8 Ω-m). 

 

Because individual strands of wire are insulated in litz bundles, it is important to note that we 

were able to develop strand insulation characteristics (in particular, aluminum oxide deposited 

via atomic layer deposition) and PEG bonding techniques that resulted in high-quality electrical 

contacts via direct bonding to electrical contact pads (Figure 30). 

 

 
Figure 30.  Wire bonding individual metal-coated PMIA nanofibers (top) and nano-litz 

bundles of ALD-insulated wires (bottom) 

The resonant-cavity measurement fixture (Figure 31) is a micro-strip structure etched from Copper 

on a Rogers (low dielectric constant) substrate. SMA terminals are soldered onto the signal 

feedlines (Figure 33) and ground planes of the fixture, enabling two-port network measurements 

on an Agilent Vector Network Analyzer (Model Number: E8363B). In addition to the resonant 

structures used to measure characteristics of samples, the fixture also included calibration 

structures to allow a Through, Line, and Reflect (TRL) calibration. This calibration removes RF 
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response occurring from test cables, SMA connectors, and copper feedlines, such that final 

measurements represent the electrical response of only the sample and sample substrate.  

 

 
Figure 31.  Optical image of resonant cavity measurement fixture 

The sample substrate is mounted on a translation stage (Figure 32) that allows for 6-axis (X-Y–

Z, pitch-tilt-yaw) adjustment of sample alignment along the feedlines of the RF resonant-cavity 

fixture. The Borofloat-mounted sample is held in a planar, 20-mil thick Ultem Sample Mount 

Vise that is attached to a COTS XYZ-linear translation stage attached to a 3-point contact plate, 

which allows pitch and tilt adjustment. The Sample Mount Vise can rotate in the x-y place (yaw), 

enabling the sample substrate to be precisely placed on or above the resonant cavity 

measurement fixture. 
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(a) 

 
(b)     (c) 

Figure 32.  (a) RF measurement positioning fixture. Detail images b and c show how the 

sample is placed on the test board. 

This fixture is used to align the structure such that it is symmetric relative to both ports. This 

alignment can be done live by viewing the magnitude of the reflected signal on port 1 (S11) and 

port 2 (S22) relative to an input voltage. By viewing S11 and S22  simultaneously on a log scale vs 

frequency it is simple to adjust the micrometer aligned along the axis of the sample until the 

magnitude of S11 and S22 align to each other.  Alignment can also be checked visually using an 

optical microscope (Figure 33) to verify that both ends of the sample are aligned and 

approximately equally spaced from the copper feedlines. 
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Figure 33.  Resonant-cavity measurement fixture. a, Optical image of a measurement 

channel on the text fixture. 

After alignment, a measurement of the sample is taken anywhere between 50 MHz – 25 GHz 

using 1601 data points, a 3.0 kHZ IF bandwidth, and a stepped sweep with a dwell time of 1.0 

msec. Each tenfold reduction in the IF bandwidth lowers the noise floor by 10 dB. By using a 

stepped sweep the analyzer source is tuned, waits 1.0 msec prior to taking a measurement at that 

frequency data point, then tunes the source to the next frequency data point. Both the IF 

bandwidth and stepped sweep allows for a cleaner and accurate measurement. All measurements 

are stored as .s2p files for data analysis. 

 

3.5 Determination of Quality Factor 

Accurate determination of the ‘unloaded’ quality factor, Q, can be challenging. The majority of 

our measurements were two-port measurements in which the sample under test formed a 

resonant cavity. Following Refs. [15]–[17], the unloaded Q factor was determined from a 

combination of reflection (S11 and S22) and transmission (S21) S-parameters. A key component 

of this analysis is the concept of a “Q-circle,” as illustrated on the Smith chart of Figure 34. The 

diameter of these circles is related to the strength of the coupling between the resonator and the 

feed lines. 
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Figure 34.  Example Smith plot of a ~6 µm diameter control wire measured in the resonant 

transmission fixture 

One of the primary challenges for determining unloaded Q is fully understanding and 

characterizing the strength of the coupling to the resonator. For a weakly coupled resonator, one 

can simply use the transmission (S21) measurement to determine Q ~ f0/f3dB, where f0 is the 

resonant frequency (i.e. frequency of the maximum of the S21 trace) and f3dB is the width in 

frequency at the point 3dB below the maximum. As the coupling between the resonator and the 

feed lines increases, however, the measured width of the transmission resonance increases. 

Simply measuring the width of the transmission resonance is therefore not a reliable indicator of 

the losses within the cavity. If the coupling to the resonator is perfectly symmetric, then the 

effect of the coupling can be easily estimated using the magnitude of the transmission S21 

measurement, but the assumption of symmetric coupling is in general not valid. 

 

To more accurately account for the effects of coupling to the resonator, we utilized both 

reflection and transmission S-parameters. As illustrated in Figure 35, a bilinear function was fit 

to the complex S21 transmission data, enabling accurate characterization of the loaded Q. 

Coupling constants to each port were separately determined from the diameter of the S11 and 

S22 Q-circles. As discussed in Ref. [17], frequency-dependent transmission line coupling can 

distort the S11 and S22 Q-circles to be ‘balloon’ shaped rather than circular. In our case, 

accounting for this distortion is simplified because of the high impedance of our samples relative 

to the 50 Ω impedance of the transmission lines, since the large impedance causes the perimeter 

of the off-resonant S11 and S22 traces to lie on the edge of the Smith chart. The diameters of the 

circles can therefore be simply estimated based on the distance to the edge of the Smith chart 

without needing to actually characterize the magnitude of the frequency-dependent phase shift 

responsible for the distortion.  
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Figure 35.  Example Q-factor extraction procedure from the same sample shown in Figure 

34. (a), Transmission (S21) magnitude versus frequency. Gray band indicates region within 

3 dB of peak that is used for fitting bilinear function for Q-factor extraction. (b-d), Real 

versus imaginary components of transmission (S21) and reflection from either port (S11 

and S22). 

 

3.6 Modeling Litz Wire in the GHz Regime  

Many have analyzed and modeled litz wire at low frequency but an open question is whether 

inter-strand capacitance would make litz wire stop working at high frequency. In order to answer 

this question we developed a lumped model to specifically probe the effects of inter-strand 

capacitance. 

 

Figure 36 shows examples of lower frequency litz wire. As was discussed earlier, the approach 

taken here is to use a combination of circuit-element and mesh-based EM simulation to examine 

litz optimization. 
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Figure 36. Example Litz Wire  

The circuit element model chosen is based on many other RF models, using inductance, 

resistance, and capacitance to estimate RF effects. The model for a single section is shown in 

Figure 37. The advantage of the circuit model is that it can be quickly scaled up to 8, 15, or 25 

strands.  

 

Figure 37.  Three-strand circuit-element model of a short section of three straight, parallel 

wires. A model of a realistic bundle would be represented by multiple sections connected in 

series. Twisting or braiding can be represented by varying the circuit parameters 

appropriately in different sections. 

We want sections to be < to 1/8 wavelength at the highest frequency of interest, say 20 GHz.  

λ= 
c
f= 

3e8
20e9=15mm→ 

1
8λ=1.8mm 

A smaller length section will model a smaller portion of a wavelength and give results closer to 

reality.  
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Moving forward, the three-strand model can be increased to eight strands as in Figure 38. Model sections can be connected in a serial 

fashion (Figure 39), and then simulate the winding of a litz bundle using cross-connections of the series elements as shown on the 

right of Figure 38.  

 

Figure 38.  Series Cross-Connection of sections for modeling Litz Effect 

 

Figure 39.  Example Series Connection of Circuit-Element Sections  

 

3.6.1 Wire self- and mutual inductance 

3.6.2 Self-inductance: 

For self-inductance of a wire we use a simplified formula:    Lself=2*length*(log(2*length/radius)−3/4) 
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Figure 40.  Analytic Self Inductance(nH) vs. Length(log meters) 

 

 

Figure 41. 250 μ m Length Wire Inductance EM simulation 

The EM simulation self inductance result for the 250 μ m length is 190 pH, which agrees 

closely with the analytical result at 250um on the x axis (Figure 40).  

3.6.3 Mutual inductance: 

The equation for mutual inductance between two wires is:  

L
ind

= 








 
μ

0
*length

π *ln 








 
separation
radius +SDfactor  
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Figure 42. Mutual Inductance(k factor) vs. Separation (log meters) 

EM simulation is being carried out to confirm the analytical model.  

3.6.4 Modeling proximity effect: the effect of mutual coupling on current distribution 

The goal here is to use the circuit model in Figure 37 to examine the simplest mutual inductance 

between strands in the model by looking at currents in each strand. The strands are placed as 

shown in Figure 43.  

 

Figure 43. Outer to Outer Coupling 1/2 of Inner to Outer Coupling 

 

First the equidistant strands are simulated, with same wire-wire mutual coupling (Figure 44). The 

red and blue lines don’t have meaning in this case as the strands are equidistant.   
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Figure 44. All wire-wire Coupling is Identical 

Next the in-a-line placed strands are simulated, with weaker outer coupling (Figure 45). The red 

plotline shows the AC current in an "outer" wire. The blue plotline shows AC current in the inner 

wire. As expected from proximity effect, current flows preferentially in the outer wires. 

 

Figure 45. Wires in a plane: Outer-to-outer coupling is 1/2 of inner-to-outer coupling 

The outcome of these simulations and analysis are to test the model as a basic structure to look at 

stand-to-strand inductance and coupling. Generally the interpretation is that this approach is 

viable to examine the more complex interaction between strands in a litz bundle.  

 

3.6.5 Capacitance vs. strand-strand separation 

There has been some concern that closely coupled wires may increase wire-to-wire capacitance 

such that it becomes a noticeable litz-effect degradation. Larger litz wires have thicker insulation 
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which reduces capacitance. The wire-to-wire capacitance was calculated vs. wire-wire distance, 

then used in a circuit model to observe the coupling capacitance effect on simulated strand-to-

strand current.  

  

 

Figure 46. Coupling Capacitance model 

One standard equation used to calculate wire to wire capacitance is:  

C= 
π*ε

0
*wireLength

ln 








 
pitch

2*radius +  
dist2

4*radius2−1

 

 

Figure 47 shows electric field and surface potential EM simulation results on closely spaced 

strands. These outputs are used to extract simulated between-wire capacitance to compare to the 

analytical model.  
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Figure 47. Electric fields and surface potential between wires in a finite element simulation 

of two parallel wires. 

Figure 48 shows a comparison of EM and analytical results, which were found to be in 

approximate agreement. 

  

 

Figure 48. Capacitance between two parallel wires as a function of center-center distance 

between wires calculated two ways: (1) using the above equation and (2) using the finite 

element simulation software COMSOL 

The  goal of the modeling approach is to use a mix of EM and circuit models to allow fast 

simulation of gross effects and single-point verification and comparison with detailed mesh-

based models.  

Figure 49 (lower) shows that at 10 GHz, a geometrically impossible large capacitance results 

in a visible effect in current between inner and outer wires in a 3 wire bundle. Conversely, a 

100fF or lower capacitance from a separation of 20nm as shown in Figure 49 (top) has little 

effect on current in strands.  
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The result then, is that inter-strand capacitance, as implemented in the model shown in Figure 

37, is likely not a risk in litz wire design at GHz frequencies.  

  

 

Figure 49. Effect of cap on current/freq. 
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4 RESULTS AND DISCUSSION 

4.1 Electrical Performance of Nano-Litz Bundles 

A key outcome for this program was the experimental demonstration that nano-litz wire can 

outperform solid wire at GHz frequencies. As described in Section 3.4, straight sections of wire 

were mounted on rigid substrates and were coupled to a custom test fixture to create resonant 

cavities. The transmission characteristics of these resonant cavities were probed using a vector 

network analyzer (VNA) in a 2-port measurement to determine the amplitude and phase of the 

reflected and transmitted S-parameters. The quality factor, Q, of the transmission resonances 

were used to characterize ohmic loss in the samples at high frequency. At low frequency, the DC 

conductance of samples (GDC = 1/RDC) was measured using a probe station. 

 

In a normal wire in the skin effect regime, current flows only on the surface of the wire in an 

area approximately proportional to the wire circumference (and hence wire radius, r). For 

properly designed litz wire, current should flow through the entire metal cross-sectional area, 

scaling instead with radius squared, re
2, where re  GDC

1/2 is the radius of an equivalent wire with 

equal metal cross-sectional area. 

 

We observed the predicted difference in scaling between nano-litz wire and conventional wire by 

comparing a series of nano-litz samples, thick solid wires, and ‘simple bundles’ of wires 

arranged in a non-ideal packing (Figure 50). For each sample, S-parameters were measured and 

unloaded quality factor Q was extracted as described in Section 3.5 (Figure 50a). The example 

traces shown in Figure 50a all have similar DC resistance (RDC = 9.91 Ω, 8.95 Ω, and 10.48 Ω 

for the nano-litz, solid, and simple bundle, respectively) yet show clear differences in the width 

of their transmission resonances. Calculations of RAC at the resonant frequency (~11 GHz) using 

the analysis described in Ref. [18] predict that ohmic losses in the solid wire sample and in the 

simple bundle should be ~1.75x higher than in the nano-litz sample (Figure 50b). Extracted Q-

factors plotted versus GDC
1/2 were overlaid with predicted values of Q for the different sample 

types, showing a qualitatively different dependence for the nano-litz samples, in excellent 

agreement with the predicted dependence (Figure 50c). 

 

The calculations of predicted RAC used measured (typical or average) parameters whenever 

feasible (Table 2). Metal resistivity and strand diameter were typical/average measured values; 

the Q of the test fixture itself (QFixture) was estimated using finite element simulations of the 

fixture with measured values of loss tangent for all dielectric layers in the system. The 

configurations of bundles used to model nano-litz wire are given in Table 3. The lines in Figure 

50c indicate predicted Q for perfect packing density assuming close-packed circular wires, as in 

Ref. [18] and accounting for the decreased packing density of twisted wires [19]. Shaded regions 

adjacent to the lines for nano-litz and simple bundles indicate the impact from sub-optimal 

packing factors of 50% and 10% of optimal for nano-litz and simple bundles, respectively. 

 

Although our goal is to characterize RAC, we are only able to directly measure Q = ωL/RAC, 

where L is the inductance of the wire as measured in the test fixture. While L is only 

logarithmically sensitive to the radius of the wire or bundle [20], this effect becomes non-

negligible for thicker wires or for very loosely packed bundles. As can be seen in Figure 50c, 
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two of the simple bundles have Q that is significantly lower than the predicted value. From 

Figure 50b, we expect the simple bundle to have RAC equal to that of a solid wire; the reason for 

the low Q of the simple bundles is that they are very loosely packed. These bundles were 

attempts at bundles of parallel wires, but without even loose packing to hold the bundle together, 

wires spread horizontally across the sample substrate during mounting. The measured width of 

the simple bundles was more than 100 µm in places, drastically reducing the inductance of the 

bundle. 

 

 

 
Figure 50.  Experimental measurements of nano-litz performance benefit at GHz 

frequencies for sputtered gold wires. (a), Measured transmission scattering parameter S21 

plotted for three representative samples. Unloaded Q extracted for each sample is 

indicated. (b), Calculated resistance ratio RAC/RDC versus wire radius at 11 GHz for each 

type of sample. For wire bundles, radius used is of an equivalent wire with equal metal 

cross-sectional area. The curves for solid wire and non-litz bundle are indistinguishable. 

(c), Unloaded Q vs GDC
1/2. Points, extracted unloaded Q factors from experimental data. 

Lines, predicted values using the analysis in (b). For nano-litz and simple bundles, shaded 

regions indicate the range of Q expected from sub-optimal fill factor. 

 

Table 2.  Properties used in analytical model of Q 

Property Value Unit 

Wire/bundle length 6.5 mm 

Metal resistivity 5.4e-8 Ohm-m 

ALD insulation thickness 20 nm 

Nano-litz strand diameter 1.2 µm 

Frequency 11 GHz 

QFixture 150 dimensionless 

Wire-ground separation 1.033 mm 

 

As described in Section 3.5, it can be challenging to accurately measure Q of a resonator, 

particularly when it is highly coupled to feed lines. To verify that the values of unloaded Q that 
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we extract from data is not overly influenced by coupling, we measured Q (and resonant 

frequency f0) while the samples were physically raised off of the test fixture (Figure 51). Despite 

a strong reduction in peak transmission (as measured by the maximum in S21), the measured Q 

only increased ~10% as the height Z increased by 1 mm. This modest improvement in Q is in 

agreement with finite element modeling of the system and is attributed to reduced absorption in 

the Rogers substrate. As Z increases, a greater proportion of the cavity mode resides in the 

(lower-loss) air region above the Rogers substrate as opposed to within the (relatively higher-

loss) Rogers substrate. 

 

Table 3.  Nano-litz bundle configurations used for analytical modeling. Bundle 

configuration is indicated following industry convention: N/M denotes N bundles of M 

strands, each twisted in the same chirality (although typically with different pitch for each 

level). (Different chirality is conventionally indicated by NxM.) 

Bundle configuration Equivalent wire radius (µm) 

3/1 1.04 
5/1 1.34 
3/3 1.80 
3/4 2.08 
3/5 2.32 
5/4 2.68 
5/5 3.00 

3/3/3 3.12 
2/5/3 3.29 
4/3/3 3.60 
2/5/4 3.79 
5/3/3 4.02 
2/5/5 4.24 
3/5/4 4.65 
5/5/5 6.71 

 

 
Figure 51.  Dependence of sample Q on distance above test fixture, Z. 
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4.2 Applications.  

4.2.1 Nuclear Magnetic Resonance (NMR). 

NMR spectroscopy is an incredibly powerful tool used in a wide variety of fields because it can 

provide detailed information about molecules’ bonding, structure, dynamics, and environment. A 

key limitation for even more widespread use, however, is the inherently low sensitivity of NMR. 

As summarized by a working group of researchers convened specifically to address issues of low 

sensitivity in NMR[21], “If it were not because of restricted sensitivity, the potential of NMR 

spectroscopy would be nearly boundless.” The signal measured in NMR, a weak fluctuating 

magnetic field caused by precessing nuclear spins, is detected using inductive coils called 

probes. The resistance of the probe coil is one of the primary factors that limits sensitivity in 

NMR[22].  

 

One of the largest improvements to signal to noise ratio in NMR has come with the development 

of cryoprobes[23], and it is useful to use the scale of this improvement as a benchmark for what 

could be achieved with litz wire. Cryoprobes are probes that are cooled to cryogenic 

temperatures, where the resistivity of the probe metal is reduced to 10-25% of its value at room 

temperature. It is worth noting that this reduction in resistivity does not translate to a 

proportional improvement in the Q of the probe because of skin effect. As the wire is cooled and 

resistivity decreases, the skin depth also becomes smaller (see Eq. 1), squeezing the current into 

a thinner cross-sectional area. This fact, coupled with the need for thermal insulation between the 

probe and the sample, results in an overall improvement in sensitivity of only 3-4, including the 

improvement attributed to reduced amplifier noise [23]. 

 

In modern high-field NMR systems, the frequency of the detected signal can exceed 500 MHz, 

well above the skin effect regime for even the smallest commercial wire. Using the wire 

fabrication process we have developed under the A2P program, however, it is now possible to 

make wires of the requisite diameter and to manipulate them into the proper litz topology. A 

detailed analysis of the potential improvement that could be achieved with litz wire would 

require analysis of a specific geometry to properly incorporate proximity effect from the 

magnetic field generated by the coil. Nevertheless, we can estimate from skin effect alone that at 

800 MHz, bulk copper has a skin depth of 2.3 μm. A solenoidal coil wound with 1 mm diameter 

copper wire would therefore be using less than 1% of the available cross-sectional area of the 

wire. While it is perhaps theoretically possible for a litz coil to improve Q by a full 100x, it 

would require significant improvements in manufacturing to enable fabrication of a bundle 

containing 150,000 strands. Given the ubiquity of NMR and the new applications that would be 

enabled by such a dramatic increase in sensitivity, however, it seems like an excellent high-value 

application of the A2P technology. 

 

4.2.2 Miniaturized High-Q Surface-Mount Inductors. 

There are many application spaces in which improved air coil inductors could be used. One 

significant application that suggests other applications is 5G cellular service. 5G service 

promised greatly improved data rate for video streaming and quick file transfer. Improved data 
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bandwidth is achieved mostly with change to new carrier frequencies which have more data 

bandwidth.  

 

Commercial companies currently supply very small multi-turn coils in a pick-and-place SMT 

(surface-mount technology) applications. The smallest coil which can be purchased is an ‘0402’ 

(40 mils x 20 mils, or 1mm x 0.5 mm) part (Figure 52). These are air coil inductors expected to 

be used at up to 2 GHz. 

 
Figure 52.  Example coilcraft 0402 SMT RF inductor 

 

Many surface mount components have recently been shrunk. Pick and place machines can now 

place 0201 (20 x 10 mils) and even 01005 (10 x 5 mils) parts. RF inductors though have not been 

shrunk to these dimensions. One inductor case, an 0402 11 nH component is reviewed in more 

detail.  

 

Figure 53 shows a graphic description of how an inductor coil size can be shown. The horizontal 

line in the graphic indicates an 11 nH value. The red dots indicate the diameter needed for a 6 

turn (the litz design case) and a 4 turn inductor (emulating a conventional design). Due to 

reduced proximity effect and ability to achieve equal RAC with smaller physical conductor, a 6 

turn nano-litz part could be made with < 200 μm coil diameter, which fits into an 0201 SMT 

cross section. This size reduction translates to 1/8 the volume of the 0402 SMT component. 

 

 
Figure 53.  Inductance versus coil diameter for coils with 4, 5, and 6 turns 
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While reduced component size can be useful in its own right, an additional advantage to smaller 

components is that they can function as “lumped elements” up to higher frequencies. A 1mm 

long component is considered ‘lumped element’, i.e. much smaller than a wavelength at the 

frequency of interest, at 1 GHz. At 10 GHz, however, the ‘0402’ dimension surface mount 

component is no longer a negligible fraction of a wavelength. An 0201 SMT component, at ½ 

the length and 1/8 the volume, is still considered a ‘lumped element’ at 10 GHz. In addition, the 

0201 component has lower parasitic contributions (pad capacitance and inductance) so that the 

0201 component still primarily creates an inductance without significant parasitic contributions. 

 

4.3 Wire Fabrication 

Overall, the wire fabrication procedure we developed was very successful at achieving the goals 

for the program. We were able to reproducibly fabricate wires with diameters far below the limit 

of commercial wire drawing with high yield and excellent material properties. The majority of 

our work utilized short wires (~2 cm and shorter), but we successfully demonstrated the ability to 

manipulate and spool nanofibers up to ~1 meter in length.  

 

4.3.1 Electrospun PMIA Fiber Thermal Stability 

The first step in our wire fabrication process was fabrication of the nanofiber scaffold. To 

characterize the thermal stability of these nanofibers, thick non-woven mats of PMIA nanofibers 

were deposited and used to characterize the chemical stability of the fibers as a function of 

temperature via thermal gravimetric analysis (TGA) (Figure 54). As can be seen, the PMIA 

nanofibers are capable of surviving temperatures up to ~400 °C if CaCl2 from electrospinning is 

properly removed via washing. 
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Figure 54.  Thermal stability of electrospun PMIA nanofibers. (a) SEM image of a mat of 

PMIA fibers. (b) TGA results for PMIA bulk starting material, electrospun fibers 

containing hydrated CaCl2, CaCl2-containing fibers that were dried inside the TGA 

instrument, and fibers that were washed by immersion in water. (A 12 wt. % PMIA and 8 

wt. % CaCl2 in DMAc was used to generate the thick mat used in TGA.) 

4.3.2 Electrical Properties of Individual Metal-Coated Nanofibers.  

We evaluated the DC electrical conductivity of individual metal coated wires using several 

methods, all of which yielded results consistent with thin metal wires. In one approach, wires 

were placed on a Si wafer with a thermal oxide layer using double-sided tape, and Ag paste 

droplets were added at the two ends to serve as connection pads. A probe station was used to 

obtain the current vs. voltage values for different wires. Lengths of the wires between the Ag 

connections were varied between ~1 and 9 mm in these samples. A few of the wires showed a 

non-Ohmic response likely due to Ag contact irreproducibility and were excluded as outliers. 

Results were normalized with respect to 5 mm wire length, 400 nm inner fiber diameter, and 500 

nm outer wire diameter for better comparison in Figure 55. Silver coated wires show the lowest 

resistivity within our samples. When high voltages are applied, wires typically break in the 10-20 

V range, acting as sub-micron thick fuses.  
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Figure 55. Current versus voltage measurements of PMIA nanofibers coated with various 

metals 

4.3.3 Electroplating and Reel-to-Reel Fabrication.  

In section 3.2.4, we introduced a method to electroplate PMIA fibers by using a closed bipolar 

electrochemical configuration. In our configuration we use a 1 cm plating bath, which limits the 

throughput. Generally, there are two bounds for scaling up the plating rate. One bound is to 

consider the voltage drop along the filament given the size of the plating bath (which sets the 

driving current) and distance from the applied potential (which sets the resistance and voltage 

drop) is to consider for the manufacturer’s recommended current density of 4 ASF, how does the 

voltage drop due to the seed layer resistance scale with increasing bath size. Error! Reference 

source not found. shows the voltage drop due to resistance given for the recommended current 

density. In order to avoid unwanted Faradaic reactions, limiting voltage drops to under several 

hundred millivolts is beneficial. Therefore, plating lengths could scale from 1 to at least 10 cm, 

per salt water contact. In a mesofluidic chip with many channels this would be easy to integrate 

to scale to several rows to plate hundreds of centimeters at a time.  

 
Figure 56.  Voltage drop along filament for varying plating length and distance from 

voltage input, for 4ASF current density . 
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The more significant rate-limiting step is the manufacturers recommended current density itself. 

At 4ASF, a 200 nm diameter PMIA filament can plate at a rate of 4 nm. Thus for a 500 nm thick 

gold film, it will take 125 seconds per segment. In the chip, the linear length of polymer loaded 

will then dictate the final throughput. 

 

4.4 Directed Assembly of Twisted and Braided Bundles 

4.4.1 Hydrodynamic Manipulation. 

Using the process described in section 3.3.1 we were able to fabricate twists and twists-of-twists 

of bare Nomex fiber and Nomex wires coated with a variety of metals and insulating layers. We 

defined yield as the number of wires in a single twist out of the number of wires that were loaded 

into the twisting fixture. For additional hierarchical levels of twists we evaluated yield as the 

number of twisted twists out of the number of loaded twists.  As the hydrodynamic manipulation 

process became developed, refined, and consistent, yield improved to where we could reliably 

fabricate twists, and twists of twists (see Figure 57). We evaluate the refined process by looking 

at the subset of twisting runs; here, the final 55, and final 25. Noting that twists, or twists of 

twists with 4 out of 5 elements (loss of “1”) are usable in our Litz bundles, our yield by the end 

of the project was 80%. 

 

 
Figure 57.  Yield of the refined twisting process. “no loss” denotes no wires or twists lost in 

the process. “1” denotes a single element (wire or twist) lost. “catastrophic” denotes all 

elements lost. 

Over the course of the project different materials were deposited on the wires to optimize 

electrical properties.  Some examples of twists of twisted bundles of nanowires are shown below 

(Figure 58 and Figure 59). The different wire types possess unique physical properties that must 

be accounted for when twisting; we were able to empirically choose twisting parameters (pitch, 

spin and rise rates) with minimal yield loss. This process should be adaptable to new wire 

material compositions (core, conductor, insulator, shielding materials) for making twists as this 

length scale. 
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(a) 

  
(b)       (c) 

Figure 58.  Bundle of 23 uninsulated nanowires. (a) Scanning electron microscope image, 

(b) detail, and (c) FIB cross-section. 

  

Figure 59. Optical image of a twist of 5 bundles of 5 ALD insulated nanowires (25 wires 

total) 

4.4.2 Plectoneme Formation and Suppression: Potential for Scale-up of Hydrodynamic 

Manipulation. 

To study fluid-induced helical buckling at a laboratory scale, we cast straight filaments of 

silicone, a low Young's modulus material, with sub-millimeter diameters and centimeter-length 
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scales. These high-aspect ratio filaments (length over radius L/a > 100), were immersed and 

rotated in a recirculating tank filled with a high viscosity fluid, glycerin. A schematic of the 

system is given in Figure 60a, and the details are in Section 3.3.3.  

 

By varying angular velocities and filament aspect ratios, we observed the presence of three 

different dynamical regimes: twirling, where the rod rotated around its center line like a 

speedometer cable (Figure 60b); whirling, where the rod writhed around the rotation axis like a 

crankshaft, which then evolved to overwhirling, where it then formed a steady state whirling 

``U'' shape (Figure 60c); and finally plectonemes, where filaments self-contacted and wrapped 

around themselves like the twisted kinks in garden hoses (Figure 60d).  

 

For rotating filaments with a fixed geometry (length L and radius a) and Young's modulus E, we 

typically observed the transition from stable twirling to unstable overwhirling and plectonemes 

with increasing angular velocity ω (Figure 61). We were able to tune the critical angular 

velocity, ωc, by immersing the filament in an axial fluid flow field that generated tension along 

the length of the filament.  

 

Importantly, our results indicate (green dots on Figure 61) that the approach used for twisting our 

micron-scale Nomex wires into Nanolitz should scale from the millimeter and centimeter length 

scales to meters cale without inducing buckling instabilities. Our complete analysis was 

submitted as a paper to Physical Review Letters and is under review. It is attached as Appendix0. 

 

 
 

Figure 60:  (a) Diagram of the experimental setup. A flexible filament of length l and radius 

a is freely suspended in a viscous fluid and rotated at the top with an angular velocity ω. A 

pump provides downward flow with a velocity v to tension the filament. (b)-(d) Times 

series of 380 µm diameter filaments with v = 0, demonstrating:  (b) stable twirling motion 

with L = 8 cm and      ω = 12 rads/s, (c) unstable whirling leading to overwhirling motion 

with L = 8 cm and ω = 26 rads/s, and (d) plectoneme formation with L = 11 cm and ω = 61 

rads/s. Scale bars are all 2 cm. 
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Figure 61.  Macro-scale modeling and analytical results show that the approach used for 

twisting Nomex wires into nanolitz should scale from the milli- and centimeter-length-

scales to meter without inducing buckling instabilities. 

4.4.3 Elastocapillary Manipulation. 

As described in Section 3.3.4, our approach to fully programmable assembly takes advantage of 

repulsive capillary forces to effectively trap and move small pieces of PDMS (“floats”) at the 

air/water interface inside channels of our devices (Figure 29).  

The range of the capillary forces is large (millimeter to centimeter scale), meaning that we can 

use macroscopic floats and devices to manipulate nanoscale wires. We demonstrate this idea in a 

simple device to make a hair braid, wherein the braid topology is programmed into the device 

itself (Figure 62). As the device moves relative to the interface, each centimeter-scale float 

moves along a set path, moving as far away from the walls of the device as possible. The shape 

of the walls therefore determines the path, and thus the braid structure. Programming float 

motions into the device allows us to fabricate complex braids with only one moving part: the 

stage that raises or lowers the device. As the device moves relative to the interface, each 

centimeter-scale float moves along a set path, moving as far away from the walls of the device as 

possible. The shape of the walls therefore determines the path, and thus the braid structure. 

Programming float motions into the device allows us to fabricate complex braids with only one 

moving part: the stage that raises or lowers the device.  

In the language of braid theory, the structure of the device defines a sequence of braid 

generators, σi. Each σi represents a strand in the ith place crossing over the strand in the i+1th 

place, while the operation σi
-1 represents a strand in the ith place crossing under the strand in the 

i+1th place. Thus, σ1 σ2
-1 is the repeating sequence that describes the hair braid: the strand in the 

leftmost position must cross over the middle strand, and then the middle strand must cross under 
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the rightmost strand. This process can be repeated many times. However, while this is simple to 

do with our hands at a macroscale, the 3-strand hair braid has not been achieved at the micro- or 

nanoscale.  

To do that, we must also perform two other operations, besides switching, that are essential to 

making real braids: separating two floats (and their attached wires) and ratcheting floats back to 

their original positions without undoing the braid. These operations are shown in Figure 62a-c. 

As with switching, they are controlled through the shape of the walls of the device.  

We demonstrate these operations by making a three-strand braid of the type usually used for hair, 

but with smaller (5 μm diameter) fibers (Figure 62d-e). The motions of the floats can be seen in 

Movie S1. The braid seen in the micrograph has multiple repeating elementary units. We make 

these simply by cycling the motion of the device.  As we move the device up with respect to the 

interface, the braid pattern is formed. As we move it down, the floats return to their starting 

positions through a different path, one that does not undo the braid (Figure 62d). Because the 

paths of the floats through the device is deterministic in both directions, we can extend the braid 

pattern by continuously moving the device up and down. In practice, we have made hair braids 

with 10 repeating units, and we believe we can make many more after we solve some minor 

technical challenges. The motions of the floats can be seen in Movie S1. The braid seen in the 

micrograph has multiple repeating elementary units. We make these simply by cycling the 

motion of the device.  As we move the device up with respect to the interface, the braid pattern is 

formed. As we move it down, the floats return to their starting positions through a different path, 

one that does not undo the braid (d). Because the paths of the floats through the device is 

deterministic in both directions, we can extend the braid pattern by continuously moving the 

device up and down. In practice, we have made hair braids with 10 repeating units, and we 

believe we can make many more after we solve some minor technical challenges. 

 
Figure 62. A 3-strand braid is achieved by integrating three operations into one device. (A) 

The switch, in which two floats change positions, leading to wires crossing each other. Each 

cross-section of a switching section is an oval whose long axis rotates 180° along the z-axis. 



 

59 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

As the interface moves through each cross-section, a pair of floats aligns with the long axis 

of the oval, owing to repulsive capillary forces. As the interface moves through the switch, 

the floats turn 180°. The handedness of the switch is programmed into the device design. 

(B) A separator, which separates two floats. When the meniscus reaches the divide (the 

triangle), strong repulsive capillary forces overcome the capillary attraction between the 

two floats and separate them. (C) The ratchet, which steers a float into a different channel 

when the device movement is reversed. A float tends to stay at the center of the meniscus 

due to repulsive capillary forces. Thus, when the device is moved up, the float in the 

narrow channel on the left moves to the center of the large channel. When the device is 

moved back down, the float moves into the wider channel on the right. (D) A photograph of 

a 3-strand braiding device along with schematics and photographs of cross-sections. As 

shown from top to bottom, when the device is moved out of water, the green and orange 

floats are separated, the blue and green floats are switched (σ1) and separated, and then the 

blue and orange floats are switched (σ2
-1) in the opposite direction and separated. The 

lateral positions of each float are tracked and plotted with respect to height, which shows 

the 3-strand braid pattern. When floats reach the bottom of the device, the ratchet steers 

them to the outside channels (second column of photographs), such that the braid 

operation can be repeated (E) Optical micrograph of a 3-strand braid assembled with 

Kevlar fibers that are about 5 μm in diameter. 

An issue with this simple approach to making braids, where each switch is constructed into the 

device itself, is that the height of the device scales with the number of strand switches in each 

repeating unit of the braid. This problem becomes more acute for braids with long repeating 

units. In particular, for twists or hierarchical twists (twists of twisted wires), the repeating units 

can be very long, as shown by the braid theory notation in Figure 3e, which describes the pattern 

of switches required to make a braid in which three groups of three twisted strands are twisted 

around each other. This kind of pattern is useful for the Litz wires discussed above. 

Therefore we develop another type of device that can switch multiple strands simultaneously. A 

device to make a simple twist is shown in Figure 63a. Multiple wires are attached to the float, 

which then spins as the device moves up with respect to the interface. To make multiple 

repeating units of the twist, we must be able to move the device back down (with respect to the 

interface) without undoing the twist. To do this, we use a different kind of ratchet, shown in 

Figure 63b. Multiple wires are attached to the float, which then spins as the device moves up 

with respect to the interface. To make multiple repeating units of the twist, we must be able to 

move the device back down (with respect to the interface) without undoing the twist. To do this, 

we use a different kind of ratchet, shown in b.  

This ratchet is based on contact-line hysteresis. At a given height, the shape of the meniscus is 

different, depending on whether the device is moving up or down, owing to the difference 

between the advancing and receding contact angles (Figure 63c). Theoretical calculations from 

the Brenner group (Figure 63d) show how to exploit this (usually small) difference in contact 

angle. If the device has a rectangular float and a radial slot, the float can rotate as the device 

moves in one direction, but when it moves in the other, the long axis of the float oscillates about 

the direction of the slot. Figure 31c). Theoretical calculations from the Brenner group (d) show 

how to exploit this (usually small) difference in contact angle. If the device has a rectangular 

float and a radial slot, the float can rotate as the device moves in one direction, but when it 

moves in the other, the long axis of the float oscillates about the direction of the slot.  
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Figure 63. Multiple wires can be twisted by attaching them to the same float. (A) Similar to 

Figure 62A, a float can be turned through a channel with a rectangular cross-section that is 

rotated along its normal axis. (B) To rachet, we add a slot that runs through the entire 

height of the device. (C) Diagram of device and shapes of cross-sections along the height. 

When the device moves up, there are sudden “snap back” events (red arrows) that prevent 

the float from making a full rotation. When the device moves down, the float smoothly 

makes a full rotation. The difference between the two directions arises from the difference 

in advancing and receding contact angles. (D) A numerical model of the interface shows the 

energy as a function of the float orientation and height inside the device at two different 

contact angles. When the contact angle is small (left), the minimum-energy orientation 

oscillates about the orientation of the slot, as seen in the experiment. When the contact 

angle is large (right), the minimum-energy orientation aligns with the rotation of the 

channel. (E) Electron micrograph shows two 5-μm-diameter Kevlar fibers that have been 

twisted around each other using the device in panel C. Figure 30A, a float can be turned 

through a channel with a rectangular cross-section that is rotated along its normal axis. (B) 

To rachet, we add a slot that runs through the entire height of the device. (C) Diagram of 

device and shapes of cross-sections along the height. When the device moves up, there are 

sudden “snap back” events (red arrows) that prevent the float from making a full rotation. 

When the device moves down, the float smoothly makes a full rotation. The difference 

between the two directions arises from the difference in advancing and receding contact 

angles. (D) A numerical model of the interface shows the energy as a function of the float 

orientation and height inside the device at two different contact angles. When the contact 

angle is small (left), the minimum-energy orientation oscillates about the orientation of the 

slot, as seen in the experiment. When the contact angle is large (right), the minimum-

energy orientation aligns with the rotation of the channel. (E) Electron micrograph shows 

two 5-μm-diameter Kevlar fibers that have been twisted around each other using the device 

in panel C.  

We can combine this twisting operation with switching to make hierarchical twists using a 

compact device. By connecting multiple wires to each float, one can make hierarchical twists. 

For example, a 2x2 twist can be made by attaching two wires to each float. 

Having shown that we can switch, twist, separate, and ratchet wires, we now demonstrate that we 

can make arbitrary braids. By “arbitrary” we mean any braid pattern within the mathematical 

braid group Bn, where n is the number of strands in the braid. Formally, switching neighboring 
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strands corresponds to multiplying a braid by a generator σ. Mathematicians have shown that the 

braid group is closed under multiplication, meaning that if all generators are available, then all 

possible n-strand braids can be constructed simply by combining the generators. Therefore a 

device in which any two neighboring strands can be switched in any order can make an arbitrary 

braid. This includes all of the braids we have shown so far, including twists, hierarchical twists, 

and non-twisting braids, and even braids without repeating units. 

We show such a device in Figure 64a. This device consists of vertical sections corresponding to 

all possible 4-strand generators: σ1, σ1
-1, σ2, σ2

-1, σ3, σ3
-1. The challenge is to “call” or access the 

generators in arbitrary order. To do this, we use a variant of the ratchet design in Figure 62. 

Again, this design relies on repulsive capillary forces. We create “operational zones” at different 

heights in the device, such that when the interface is positioned within a zone and its direction 

reversed, it follows a particular switch. There is one operational zone per generator. Therefore 

each generator can be called in arbitrary order. We have not yet built this device or used it to 

make braids, but we have demonstrated all the operations needed including the “operational 

zone.” This device consists of vertical sections corresponding to all possible 4-strand generators: 

σ1, σ1
-1, σ2, σ2

-1, σ3, σ3
-1. The challenge is to “call” or access the generators in arbitrary order. To 

do this, we use a variant of the ratchet design in . Again, this design relies on repulsive capillary 

forces. We create “operational zones” at different heights in the device, such that when the 

interface is positioned within a zone and its direction reversed, it follows a particular switch. 

There is one operational zone per generator. Therefore each generator can be called in arbitrary 

order. We have not yet built this device or used it to make braids, but we have demonstrated all 

the operations needed including the “operational zone.”  

 

 
Figure 64. An arbitrary braiding machine design that can braid any four-strand topology. 

(A) The device has four main channels, each of which controls one float. A switch between 

two neighboring floats can be “called” by moving the device to the right height in the right 

direction. For instance, in the inset, the float travels down the main channel when the 

device is moved out of water. When the float reaches the operational zone, it stays in the 

main channel (along the gray arrows) unless the direction of the device movement is 

reversed there. Reversing the direction moves the float into a switch (red arrow). Since the 

same switch can be accessed from above and below, both handedness (σi and σi
-1) can be 

achieved in the same section of the device. (B) As an example, a braid σ1σ2σ3
-1 can be made 

by moving the device along the trajectory z(t) shown here. This trajectory is easily 

programmed into the motorized stage. (C) The braid σ1σ2σ3
-1 in panel B corresponds to a 

fishtail braid, shown schematically and rendered here. 

What enables this approach is the ability to move the stage in an arbitrary direction as a function 

of time. A major difference between this approach and those shown in Figure 62 and Figure 63 is 
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that the motion of the device up and down controls the braid pattern, whereas in the other 

devices, the braid topologies are programmed into the devices themselves. But in both cases, 

only a single degree of freedom is required: one needs only a motorized stage that can move 

along one axis. Thus, compared to mechanical braiding machines, which steer every single 

strand in two axes in a fixed pattern, our device is much simpler and requires far fewer moving 

parts. Motion of the device up and down controls the braid pattern, whereas in the other devices, 

the braid topologies are programmed into the devices themselves. But in both cases, only a single 

degree of freedom is required: one needs only a motorized stage that can move along one axis. 

Thus, compared to mechanical braiding machines, which steer every single strand in two axes in 

a fixed pattern, our device is much simpler and requires far fewer moving parts.  

The simplicity and small number of moving parts are advantageous for applications. The devices 

themselves (excluding the motorized stage) are 3D-printed, costing only a few dollars per 

devices. The programmable motorized stage requires only a $30 stepper motor and controller. 

Because the stage requires only a single degree of freedom, one can easily make many braids in 

parallel simply by placing multiple devices on the same stage. Furthermore, because a single 

device can be programmed to make any braid, our approach allows for rapid prototyping of 

different braid structures for different applications. 

Because the capillary forces are weak, the method is scalable to small wire diameters. Capillary 

forces scale with the perimeter of the object and are known to be able to assemble structure from 

the nanoscale to the millimeter scale [8]–[12]. We can precisely control the capillary forces by 

controlling the size, shape and wettability of our float. Therefore, our method is universal and 

independent of the wire material.  

Limitations: although we do not need to continuously feed the wires to the device, we do have to 

connect the wires to the floats. Currently we do this manually, which is the largest source of 

failures. Also we have not yet demonstrated braids of submicrometer-scale fibers. 
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5 CONCLUSIONS 

As part of the A2P Nano-Litz program, we successfully developed several new techniques and 

technologies. A key achievement was the first demonstration of litz wire operating in the GHz 

regime. This technology has the potential to drastically improve the sensitivity of NMR, enabling 

more rapid pharmaceutical drug discovery and more precise determination of molecular structure 

of large molecules. In addition, it may enable further miniaturization of inductive components 

for 5G and other high-frequency communication. The ability to make and manipulate wires far 

below the limit of conventional wire drawing may prove useful in its own right for the 

economical manufacture of ultra-fine wire, even at wire diameters that are available via 

conventional wire drawing. Finally, several interesting technologies, including the ability to 

passively braid and twist wires via elastocapillary interaction, have opened new possibilities into 

the manipulation of small structures, perhaps enabling yet further opportunities to translate atoms 

into products. 
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6 RECOMMENDATIONS 

The goals for this program were the demonstration of the ability to make litz wire that was 

optimized for the GHz regime as well as the demonstration of a litz wire performance benefit at 

GHz frequencies. Having achieved both goals, it is clear both that this technology can enable 10x 

improvements to a variety of exciting applications and that the key limitations to adoption of 

nano-litz wire will be manufacturability and cost. While we have taken significant strides toward 

developing processing technology that could enable cost-effective manufacturing of nano-litz 

wire, significant work remains to fully realize this potential. We therefore recommend that 

additional work be funded to further develop the needed manufacturing capability to enable the 

full capability of this technology to be realized. 
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APPENDIX:  MACROSCALE TWISTING PAPER 

 



 

68 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

 



 

69 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

 



 

70 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

 



 

71 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 



 

72 
DISTRIBUTION STATEMENT A.  Approved for public release.   

Distribution is unlimited. 

LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 

(skin depth, frequency, angular frequency, inductance, capacitance) 

 

µ Magnetic permeability 

AFRL Air Force Research Laboratory 

ALD Atomic layer deposition 

DARPA Defense Advanced Research Projects Agency 

f Frequency 

FIB Focused ion beam 

NMR Nuclear magnetic resonance 

PAA Polyacrylic acid 

PMIA Poly(m-phenylene isophthalamide) 

PVD Physical vapor deposition 

Q Quality factor (of a resonator or inductor) 

RXAS Soft Matter Materials Branch, Functional Materials Division, Materials and 

Manufacturing Directorate of AFRL 

SNR Signal to noise ratio 

TGA Thermal gravimetric analysis 

VNA Vector network analyzer 

δ Skin depth 

ρ Electrical resistivity 


