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Abstract

Conformal and wearable electronic systems, from smart textiles to bioelectronics, increasingly require
metal interconnects capable of operating at gigahertz-to-millimeter-wave frequencies for wireless
communication and power transfer. At these frequencies, the skin effect confines current to a
nanometer-scale surface layer, so conductor loss is governed jointly by the resistivity and the surface
roughness of the metal, both of which are set by the deposition process. However, existing metallization
routes each sacrifice one of these properties: vapor-phase deposition yields smooth, near-bulk copper
but requires vacuum, elevated temperature, and line-of-sight access that excludes porous and textured
substrates, while particle-based inks pattern freely on arbitrary substrates but leave porous, rough films
that recover one property only at the expense of the other. Here, we demonstrate a direct-write transfer
printing process that decouples copper deposition from the target substrate: copper is written by
meniscus-confined electrodeposition onto a stainless-steel cathode and then transferred intact onto the
receiver substrate, without masks, vacuum, or a thermal budget. Deterministic control over nozzle
position, velocity, and dwell time allows closed-path and geometrically complex patterns to be written
without the seam defects and delamination that arise from slicer-generated paths designed for
conventional extrusion. Copper patterns were transferred onto substrates spanning polymer films,
adhesive tapes, and woven and nonwoven textiles, preserving feature geometry and linewidths down to
550 ym. The transferred films presented a smooth, substrate-templated working surface with 40-55 nm
roughness and near-bulk resistivity of 2.3-2.6 pQ-cm, yielding surface resistance within 1.2 times that of
bulk copper and conductor loss 1.4 to 7.1 times lower than printed copper across 5-30 GHz, while
withstanding handling and mounting as free-standing foils. By separating metal growth from the
receiving surface, this approach provides a mask-free, vacuum-free route to gigahertz-compatible copper
interconnects on arbitrary and textured substrates, opening a pathway toward high-frequency smart
textiles and conformal bioelectronics.

Introduction

Conformal and wearable electronic systems are progressing beyond quasi-static sensing toward
frequency-dependent operation, in which wireless communication and power transfer at gigahertz to
millimeter-wave frequencies are integral to device function '~3. At these frequencies the deposited metal
itself becomes a performance-limiting component, and that demand extends to nonplanar and
compliant substrates where the metallization must conform to the surface it serves %*. Signal
attenuation in these interconnects arises from two sources: dielectric loss, set by the substrate, and
conductor loss, set by the metal. Dielectric loss is fixed once the substrate is chosen; conductor loss, by
contrast, is inherited from the process that deposits the metal. Conductor loss originates in the finite
resistivity of the metal and is governed by how current distributes through the conductor at high
frequency. As frequency increases, the skin effect confines current toward the surface, narrowing the
conducting layer to a skin depth of roughly 380-470 nm in copper across the 20-30 GHz band >®. When
the film is thicker than this skin depth, surface resistance sets conductor loss: it rises with resistivity
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above the bulk copper value of 1.72 pQ-cm, arising from microstructural defects, and with roughness of
the current-carrying surface on the scale of the skin depth.

Deposition establishes both properties: the method governs the microstructure that determines
resistivity, while the growth surface transmits its topography to the current-carrying face. These two
levers frame the typical routes to metallizing compliant substrates, vapor-phase deposition and particle-
based inks, each of which compromises at least one property, particularly on textured surfaces.

Vapor-phase deposition remains the benchmark for smooth, low-resistivity metal films, and recent
advances have extended it toward soft and freeform electronics. It has been reported that seed-layer-
assisted sputtering can direct silver onto a 1 nm copper nucleation layer, forming continuous films with
surface roughness below 0.5 nm at thicknesses of a few nanometers’. Stress-regulated dry transfer
printing has been shown to lift sputtered copper films from rigid donor wafers and rebond them to
polyethylene terephthalate, and the transferred electrodes demonstrated 500 bending cycles ata 10 mm
radius®. Area-selective evaporation can replace the rigid shadow mask with printed metal-vapor-
desorption layers that repel incoming vapor, patterning films directly on stretchable, non-developable
surfaces °. Line-of-sight vapor flux, however, remains intrinsic to evaporation regardless of masking
strategy, so porous and fibrous substrates such as textiles and nonwovens still present shadowed faces
the vapor cannot reach °. Near-bulk resistivity is likewise demanding of process conditions: reaching
2.85 pQ-cm requires a base pressure below 6.4 x 10-* Pa, a substrate temperature of 300°C that most
polymers do not survive, and several hours of sputtering &. Transferring that film onto a flexible receiver

substrate raises the resistivity to 3.1 pQ-cm, reflecting microcracking introduced during peel-off &.

Particle-based inks deposit under ambient conditions and pattern digitally on substrates that vacuum
and line-of-sight exclude, from polymer films to fabrics '°. Hydrogen plasma sintering has been shown to
fully densify inkjet-printed copper tracks on polyethylene terephthalate at low temperature, and the
densified tracks reached 3.23 pQ-cm, 1.82 times the bulk value . Direct screen-printing has been
utilized to lay silver coplanar waveguides onto nonwoven textiles without any surface modification of the
fabric, transmitting signals from 0.5 to 10 GHz 2. Ultraviolet-curable inks can eliminate thermal sintering
altogether: cured on nylon fabrics, they form circuits with conductivities of 6.02 x 10¢ S m=" and
antennas that read beyond 3 m after five wash cycles '3. Printed films, however, concede one of the two
properties that govern surface resistance, and rarely both together. Residual porosity and particle
boundaries hold resistivity above the bulk value; even full densification leaves it nearly twice as high '".
Recovering smoothness costs the resistivity back: a sequence of photosintering, silver infiltration, and
cold rolling has been reported to reach a roughness of 0.28 um, below the skin depth across the 20-30
GHz band, but resistivity climbed to 8.32 pQ-cm, nearly five times bulk '*. On fabric the penalty
compounds rather than trades off. The wet ink conforms to the fibers beneath it, so the printed
conductor inherits the textile's surface roughness of 18 um, roughly forty times the skin depth above 20

GHz 12,
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Electrodeposition offers a different balance. It produces dense copper at near-bulk resistivity without
vacuum or a thermal budget, but conventional plating deposits across the entire conductive cathode and
provides no control over where copper forms. Meniscus-confined electrodeposition (MCED) localizes the
redox reaction to an electrolyte meniscus beneath a nozzle, which enables direct writing of copper into
arbitrary planar geometries '°~7. The primary constraint is that the reaction requires a conductive
surface. Producing conductors on dielectric substrates therefore relies on a blanket seed coating,
followed by direct writing and a subsequent etch to clear the seed. This reinstates the subtractive steps
that direct writing is meant to remove. It also excludes the substrates where additive metallization is
needed most. Smart textiles build sensing and actuation directly into the fabric, and their design and
manufacture cannot accommodate blanket seed layers or immersion in etchants 1827,

Here, we introduce a substrate-independent route that separates deposition from the final substrate:
copper is deterministically deposited by MCED on a stainless-steel conductor and then transferred onto
the target substrate (Fig. 1). A user-defined G-code toolpath drives the nozzle across the substrate, with
deterministic control over position, velocity, and dwell time, writing copper into arbitrary planar
geometries - including closed paths - by confining the electrolyte meniscus to the wetted footprint
beneath the nozzle tip (Fig. 1A, B). Following deposition, a transfer tape is brought into contact with the
copper film, pressure is applied uniformly, and peeling exploits the differential adhesion between the
copper-tape and copper-steel interfaces to lift the film cleanly onto the receiver substrate (Fig. 1C). The
process requires no masks, resists, vacuum, or thermal budget. The resulting films exhibit a smooth,
substrate-templated working surface with near-bulk resistivity, yielding conductor loss substantially
below that of printed copper across the 5-30 GHz band, while withstanding handling and mounting as
free-standing foils. (See Movies S1 and S2).

Results

To demonstrate substrate and geometry versatility, copper patterns were transferred onto a range of
receiver substrates (Fig. 2). A serpentine trace with spiral-filled bonding pads was transferred onto a cast
PVDF-TrFE film (Fig. 2A), and a spiral coil and a closed circular loop were transferred onto Kapton tape
(Fig. 2B, C). Together these geometries span open paths (single trace lines), filled areas (bonding pads),
and closed paths (intersecting edges), all of which transferred intact. Transfer was further demonstrated
onto substrates of diverse material and surface texture: a coarse woven fabric, a nonwoven electrospun
mat, and an electroplating tape carrying a closed rectangular loop (Fig. S1). Beyond substrate diversity,
feature resolution was preserved: linewidths from 1.5 mm down to 550 um transferred intact (Fig. S2).

Two behaviors of localized electrodeposition must be accounted for when designing for closed-path
geometries: preferential deposition, which governs where copper grows, and film stress, which governs
whether the grown film survives 2272°. Deposition favors existing copper over bare steel: the
overpotential for growth on a native surface is lower than for heterogeneous nucleation 26%7. The
growing deposit also depletes Cu?* locally, and its diffusion field intercepts incoming ions before they

reach the adjacent seam. The seam is mass-transport starved and does not close on its own. Raising the
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current density fills starved seams but drives deposition further from equilibrium, trapping defects that
accumulate as intrinsic film stress. Stored stress relaxes through intra-film fracture and interfacial
delamination (Figs. S3 and S4). Left unaddressed, this starvation and stress buildup causes the film to
delaminate prematurely or unevenly during peel, so the toolpath must be designed to prevent it during
growth rather than compensate for it afterward.

The FullControl-based toolpath addresses this directly by enabling deterministic control over the
position, velocity, and time of every nozzle move in sequence?®. Rather than generating motion through a
fixed slicing algorithm, FullControl represents manufacture as an explicitly ordered sequence of
kinematic and process-state changes. It can generate any command supported by the machine
controller's CNC command language, including position, feed rate, dwell, tool or process-state changes,
and other controller-specific instructions. In this work, it was used to directly define the nozzle trajectory,
speed, dwell locations and repeated deposition passes parametrically. This makes it possible to design
the path around the electrochemistry itself, rather than around assumptions built for volumetric
extrusion. For example, in Fig. 2A the square-line connection required a spiral fill pattern for both pads;
however, the second pad required a dwell over its center. When printing a closed hollow shape such as a
circle (Fig. 2C), a repeated back-and-forth arc is inserted to fill the connection point.

Commercial slicers generate paths under volumetric extrusion assumptions, in which deposited material
scales with nozzle travel and every location on the part is equivalent. Neither holds for electrodeposition,
where growth depends on the underlying surface and the local exposure time. The resulting workflow
enables arbitrary planar geometries, including filleted corners, overlapping spiral fills, and closed paths,
to be written and transferred in a single process. Together, Figs. 2 and ST demonstrate transfer onto
substrates spanning flexible films and woven and nonwoven textiles, illustrating the breadth of substrate
morphologies the process can access; extension to additional substrate classes should be achievable
with minor process optimization.

A prerequisite for reliable transfer printing is that the deposited film has sufficient mechanical integrity to
withstand delamination and handling as a free-standing foil (Fig. 3). To establish this, copper traces were
written onto stainless steel using MCED, in which growth is confined to the wetted footprint beneath a
translating nozzle. A 20 mm line was built over 20 successive passes at 2 mm s, with a 5 mm
sacrificial runway at each end to stabilize the meniscus before it reached the active trace region. Time-
lapse imaging at 4 s, 64 s, and 124 s captures the progressive build-up from a single-pass seed layer to a
continuous, mechanically coherent film (Fig. 3A). At 124 s, spontaneous delamination is visible at the
terminal end of the trace, where extended electrolyte exposure locally thickens the film and initiates edge
lifting. This is consistent with delamination initiating preferentially at film edges, characterized in detail in
Fig. S3.

Maintaining a constant nozzle velocity across the entire trace produces a uniform thickness profile with
no periodic thickness features, in contrast to the start-stop profile, where programmed pauses locally
thicken the film and trigger premature delamination at those sites (Fig. S5). The motion system's
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acceleration limits were not expected to have a considerable effect on this profile. Clean release
depends on both this uniformity and sufficient overall thickness: films below ~ 1 ym fractured on peeling
regardless of profile, while films of ~ 2 pm and above delaminated intact, as shown across a wider
thickness range in Fig. S6. The delaminated film is readily handled as a free-standing foil without fracture
(Fig. 3B), confirming sufficient mechanical integrity for transfer.

To quantify the mechanical response of the transferred films, tensile testing was performed on free-
standing copper strips across a thickness range of 1-4 um (n = 3) (Fig. 3C, D). Films were transferred by
water-assisted lift-off, in which surface tension separates Cu from steel without applied peel force. The
films sustained stresses up to approximately 224 + 77.3 MPa before fracturing at strains below 0.52 +
0.25%. This variability reflects the expected sensitivity of thin-film mechanical properties to thickness
and grain structure, and strength and ductility fall below bulk copper accordingly 2°~32. For the transfer
process itself, the measured strength is sufficient: delaminated MCED films across the 1-4 pym range
survive lift-off, manipulation, and mounting as free-standing foils, confirming they are mechanically
robust enough for the free-standing transfer central to this work.

Having established that delaminated films are mechanically viable for transfer, we next characterize the
surface morphology and thickness control of the copper films. These two properties directly govern
high-frequency electrical performance. Delamination produces copper films with two morphologically
distinct faces, and understanding which face carries current after transfer is central to predicting
conductor loss. Surface roughness was mapped by laser confocal microscopy at a 3x5 grid of positions
spanning the width and length of the 20 mm trace (Fig. 4A, inset) and is reported as the areal root-mean-
square roughness (Sq). The substrate-facing surface, cast against the polished stainless steel during
deposition and exposed only after transfer, is smooth and spatially uniform (S, 40—-55 nm) across the
full 20 mm deposit. The free growth front (nozzle side) exposed to the electrolyte is rougher and more
variable (S, 200-660 nm), with a modest increase toward the trace's end due to extended electrolyte
exposure as deposition concludes (Fig. 4A). SEM confirms the same contrast at the microstructural
level: the substrate side is smooth and featureless, reproducing the finish of the polished steel it grew
against, while the nozzle side is granular and nodular (Fig. 4B).

Laser confocal height maps of the bare stainless steel and both copper faces make this inheritance
explicit. The substrate side mirrors the smooth, striated character of the polished steel, while the nozzle
side presents a rougher, island-like topography (Fig. S7). This asymmetry constitutes a structurally
advantageous feature of the transfer-printing architecture. The receiver substrate preferentially contacts
the nozzle side, thereby presenting the smoother copper-steel interface as the functional surface. The
nozzle-side roughness reflects the underlying grain morphology of the growth front. Plan-view SEM of
the nozzle-facing surface at two film thicknesses reveals a clear contrast: the ~ 1.2 ym film shows a
dense, uniform population of fine equiaxed grains, while the ~ 3.5 ym film exhibits coarser, nodular
grains with a more irregular feature (Fig. S8).
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This transition from fine equiaxed to coarser nodular morphology with increasing thickness is consistent
with a progression from nucleation-dominated growth at early stages to growth increasingly controlled
by coalescence and mass transport as the film thickens. Thickness is controlled directly by the number
of deposition passes, a relationship governed by Faraday's law, where plated thickness scales with the
total charge passed:

MQ
nFp A

t= Eq. 1

(M molar mass, Q charge, n = 2, F Faraday's constant, pll copper density, A deposit area). Because each
pass delivers a nominally fixed charge over the same footprint, thickness accumulates in direct
proportion to pass count. The film grows at a constant rate of ~ 0.13 ym per layer, building linearly from
~0.75 ym at 5 layers to ~ 4.1 ym at 30 layers (Fig. 4C), making layer count a straightforward and
predictable route to a target thickness without requiring real-time feedback or process adjustment. The
minimum viable thickness for clean transfer (established in Fig. 3 and Fig. S6é) falls near ~ 2 um, and the
linear growth rate means this threshold is reliably reached within approximately 15 layers under the
deposition conditions used here.

Having established the surface morphology and thickness control of the transferred films, we next
evaluate their electrical quality in Fig. 5. Specifically, we assess whether resistivity and surface
roughness are simultaneously compatible with low-loss high-frequency transmission. Conductor loss
scales directly with surface resistance (a « R). Surface resistance is in turn governed by two material
properties: resistivity and roughness. The skin depth is 6 = v(p/rtfu,), where p is the resistivity, f the
frequency, and y, = 4t x 107 H'm~". At low frequency, current occupies the full film cross-section. Sheet
resistance R[] = p/t therefore decreases with increasing film thickness. Once film thickness exceeds the
skin depth, the skin effect confines current to a surface layer one skin depth thick, and sheet resistance
gives way to surface resistance Ry = p/6. In this regime, surface resistance depends on resistivity alone.
Additional thickness yields no further reduction in conductor loss. Roughness comparable to the skin
depth lengthens the effective conduction path and raises the surface resistance. Simultaneous
minimization of resistivity and surface roughness, therefore, constitutes the central material requirement
for a high-frequency conductor. Figure 5 evaluates the transferred films against this requirement.

Figure 5A presents an Ashby plot of surface roughness against resistivity, positioning confined
electrodeposition against ink-based deposition of copper. The skin depth at 5, 20, and 30 GHz is marked
by horizontal reference lines, and bulk copper resistivity by a vertical reference. Printed conductors
scatter across the upper right of the plot, where residual porosity and organic content elevate resistivity
and particle-based film formation produces roughness that meets or exceeds the skin depth above 20
GHz. Confined electrodeposition occupies the lower-left corner, the only region of property space in
which near-bulk resistivity coincides with roughness below the skin depth across the full 5 to 30 GHz
band. This position is not an absolute bound, as ink-based routes can surpass the transferred films in a
single property. Near-bulk resistivity and nanometer-scale smoothness have been reported’’3334. Both

achievements, however, rely on multi-step post-processing, such as galvanic displacement with
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electroplating, vacuum hydrogen plasma sintering, or sequential drying with near-infrared and intense
pulsed light treatments.

The improvement is moreover restricted to a single axis, and the gain in one property is conceded in the
other. Confined electrodeposition attains this region of property space in a single deposition step
followed by transfer. Table S1 quantifies the comparison through the effective surface resistance at 20
GHz with a Hammerstad roughness correction 3°. On this basis, the substrate face of confined-
electrodeposited copper delivers 1.4 to 2.4 times lower surface resistance than moderate-roughness
inkjet- and screen-printed copper. The advantage rises to 4.1 times against the most resistive inkjet films
and 4.2 to 7.1 times against the roughest printed conductors®®3°.

Four-point-probe measurements confirm that this resistivity advantage is robust across the transfer-
relevant thickness range (Fig. 5B). The thinnest transferred film (1.31 pm) measures ~ 3.5 pyQ-cm with a
standard deviation of + 0.72 uQ-cm. The elevated scatter is attributed to fracture during transfer,
confirmed in Fig. S6. Across the 2—-4 pum regime, resistivity clusters at ~ 2.3-2.6 pQ-cm (~ 1.3-1.5x bulk)
and is statistically flat (one-way ANOVA, P =0.71, n2 = 0.15), with scatter dropping to £ 0.06-0.12 pQ-cm,
confirming that films of ~ 2 ym and above deliver low, reproducible resistivity print-to-print. At ~ 2.5
pQ-cm, the resulting surface resistance is ~ 22, ~44, and ~ 54 mQ.sq™ ! at 5, 20, and 30 GHz, within 1.2x
of bulk copper across the band. Delaminated confined-electrodeposited copper therefore combines the
geometric freedom of a printed process with electrical performance approaching that of dense
electrodeposited foil, making it well suited to low-loss radiofrequency and millimeter-wave interconnects
on flexible and textile substrates.

Discussion

This work establishes direct-write transfer printing as a route to gigahertz-compatible copper
interconnects on substrates that existing metallization methods cannot serve. By separating copper
growth - via meniscus-confined electrodeposition on a reusable stainless-steel cathode - from the
substrate that ultimately carries it, the process removes the vacuum, thermal budget, and line-of-sight
constraints that limit vapor-phase deposition. It also avoids the porosity and post-processing burden of
particle-based printing. Deterministic toolpath control extends this approach to arbitrary planar
geometries, including closed paths and filled pads, at linewidths down to 550 pm, and transfer was
demonstrated across polymer films, adhesive tapes, and woven and nonwoven textiles. The resulting
films present a smooth, substrate-templated working surface (40—-55 nm roughness) with near-bulk
resistivity (2.3-2.6 pQ-cm), delivering surface resistance within 1.2x of bulk copper and conductor loss
1.4 to 7.1 times lower than printed copper across 5—-30 GHz, while remaining mechanically robust
enough for free-standing handling and transfer.

These results reframe metallization as a two-step problem - deposition and placement decoupled from
one another - rather than a single process that must simultaneously pattern, densify, and conform to the
target surface. This decoupling is particularly consequential for substrate classes, such as woven and
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nonwoven textiles, that are incompatible with vacuum processing and difficult for inks to wet uniformly.
It suggests that other receiver materials unable to withstand deposition-stage temperatures or
chemistries could access comparable metal quality through the same route. Realizing this potential will
require extending toolpath control to multilayer and higher-throughput geometries and validating
transferred interconnects within functional radiofrequency devices. Although motion was the only
toolpath variable controlled in this study, the same explicit, sequence-based toolpath representation
could extend to synchronous control of motion and process parameters together - for example, varying
local current density between corners and straight segments, or adjusting deposition parameters in real
time from in-line inspection data during printing. Realizing these capabilities is the natural next step
toward establishing transfer-printed electrodeposition as a general-purpose metallization strategy for
high-frequency flexible, wearable, and textile electronics.

Methods

Printer Setup: The print head assembly comprised three main components: a 16-gauge luer lock nozzle
(outer diameter 1.65 mm, inner diameter 1.2 mm), a Y-connector with two female luer locks and one
male luer spin lock, and an anode/electrolyte feed system. The nozzle was affixed to the male port of the
Y-connector. A 5 mL syringe housing an epoxied copper wire anode was inserted into the straight section
of the Y-connector, and the branch port was coupled via PTFE tubing to a 10 mL syringe, mounted on a
syringe pump (NE-300, New Era Pump Systems) and pre-filled with commercial copper electrolyte
(Transene Company). The anode syringe was mounted on an XYZ motorized linear stage (150 mm
displacement range, Newport Corporation), and motion was programmed in G-code and translated into
Tool Control Language (TCL) for execution by the Newport controller, enabling precise patterning in the
XY plane. Deposition current was regulated using a VersaSTAT-4 Potentiostat/Galvanostat (Princeton
Applied Research) in pulsed galvanostatic mode with a 50% duty cycle (On Time =0.001 s, Off Time =
0.001 s). Current pulsing and nozzle motion operated independently, without explicit synchronization:
because the 2 ms pulse period is orders of magnitude shorter than the time the nozzle spends at any
position along the path, local deposition tracked residence time directly, and no handshake between the
potentiostat and motion controller was required. Polished stainless steel sheet served as both the
cathode and the print bed.

Print-Path design: Print paths were designed in Python using the open-source FullControl library, which
represents a toolpath as an ordered list of coordinate points and motion-speed objects, allowing
geometry, feed rate, and dwell placement to be defined parametrically in code. A custom post-processor
converted each design into G-code for the deposition stage, writing all motion in relative positioning
mode (G91) with each move issued as a linear command (G1) specifying X and Y displacement and feed
rate. Every path began with a single approach move from the fixtured origin to the path start, followed by
repeated traversals of the same trace at a constant feed rate of 2 mm s=". The start-stop comparison
(Fig. S5) instead used a seed layer at 1.5 mm s~ followed by repeat layers at 15 mm s-7, with four
programmed 0.5 s pauses per layer. Four toolpath geometries were used: a straight multi-layer line, a
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circular loop approximated as a closed polyline, a spiral of filleted concentric rectangular tracks, and a
start-stop line with programmed dwell points.

Applied current density

The applied current density was determined for each sample from the measured deposit thickness via
Faraday's law for the Cu?* + 2e- — Cu reaction

j=@(nFpd) / (Mtn) where p =8.96 g cm=3, M =63.55g mol",n=2, F =96,485 C mol-", ¢ = 0.5 (duty cycle),
n =1 (assumed current efficiency), and t the total deposition time. Thickness was measured by stylus
profilometry across six samples spanning 5—30 printed layers on 1.5 x 20 mm line segments, giving a
mean current density of 19.4+ 1.5 mA cm=2.

Substrate Transfer: Following pattern deposition, the electrolyte was removed by blotting with a
cleanroom wipe, followed by two to three deionized water rinses applied via pipette, and finally dry with a
cleanroom wipe. Transfer was performed by press-stamping: a flexible substrate coated with pressure-
sensitive adhesive was brought into contact with the printed copper. Pressure was applied across the
film by hand, followed by additional pressure to ensure uniform contact. The substrate was allowed to
dwell approximately 30 seconds before peeling, therefore lifting the copper film from the stainless-steel
print bed. For the PVDF-TrFE substrate, the polymer solution was instead cast directly over the printed
copper, dried overnight at room temperature, and peeled from the print bed, lifting the copper film with
the cast film.

Four-point probe: Electrical resistivity was measured using an Ossila four-point probe with soft spring-
loaded tips (1-1.4 mm displacement range, integrated micrometer for thickness input). Copper films
were delaminated onto polyimide tape and prepared as 1.5 mm x 20 mm strips. Three measurements
were taken per sample: one at the midpoint and one each offset to the left and right of center along the
length. Resistivity was calculated assuming rectangular geometry with appropriate thickness
corrections, averaged over 50 measurement points per probe contact.

Thickness and surface roughness measurements

Film thickness was measured with an Alpha-Step stylus profiler (KLA) using a diamond stylus tip at a
contact force of 5-10 mg, scan rate of 50 ym s, 100 ym vertical range, and 32-point averaging over a
single forward scan. Baseline correction was applied in the KLA software by referencing the substrate
level at the rising and falling edges of the copper film to remove the broad background introduced by
substrate curvature. Three scans were taken per film and averaged to give a representative thickness
profile.

Surface roughness was measured by 3D laser scanning confocal microscopy (VK-X3000, Keyence) in

confocal mode using a 50x objective (Z pitch 0.5 pm, optical zoom 1.0x, laser intensity auto-adjusted at

focus). Both faces of the delaminated film were characterized independently: the nozzle-facing surface

was measured on the as-deposited film, and the substrate-facing surface was measured after transfer.
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Substrate form was removed in Gwyddion by plane leveling followed by fourth-order polynomial
flattening.

Scanning Electron Microscopy (SEM)

Free-standing copper films were obtained by water-assisted lift-off from the stainless-steel substrate. To
image both faces, one end of a film was fixed to an aluminum SEM stub with double-sided copper tape
and the film fractured by pulling, yielding two halves. One half was mounted substrate-face up and the
other nozzle-face up, with the free end of each half secured with double-sided copper tape to keep both
faces taut and flat. Films were imaged without a conductive coating, exploiting the intrinsic conductivity
of copper. Imaging was performed on a Zeiss SIGMA 500 VP field-emission SEM at 8.00 kV accelerating
voltage, ~ 13 mm working distance, using the SE2 secondary electron detector in high-vacuum mode
with a 30 ym aperture.

Tensile testing. Free-standing copper films (20 mm length, 1.3 to 1.5 mm width) were mounted onto
laser-cut C-frames for handling and alignment. The film ends were bonded to the frame tabs with two-
part epoxy, and the 12 mm gap between the mounting tabs defined the gauge length. Tests were
performed on a DMA ElectroForce 3200 Series Il (TA Instruments) under displacement control at 50 ym
min~', using a 225 N load cell and stock tensile grips. The frame tabs were clamped in the grips without
contacting the epoxy. Before each test, the C-frame was cut twice along its length, leaving a small gap
on each side, so that the load path passed only through the film. Engineering stress and strain were
calculated with a custom MATLAB script from the measured force and displacement, using the film
thickness and width measured with an Alpha-Step stylus profiler (KLA).
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Figure 1

Meniscus-confined electrodeposition and transfer printing of copper. The process comprises three
sequential steps, labeled (i)—(iii). (A) Step (i): a user-defined G-code toolpath, executed at constant print
height, defines the planar copper geometry. (B) Step (ii): confined electrodeposition. Electrolyte is
confined to a meniscus beneath an anode-bearing nozzle, restricting copper deposition to the wetted
footprint on the stainless-steel cathode/print substrate. (C) Step (iii): transfer. The transfer substrate is
brought into contact with the printed copper (Contact), pressure is applied uniformly across the film
(Pressure), and peeling exploits the differential adhesion between the copper-tape and copper-steel
interfaces to lift the film cleanly onto the receiver substrate (Peel).
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Figure 2
Copper patterns transferred onto various substrates. (A) Serpentine pattern with bonding pads

transferred onto a cast PVDF-TrFE film. (B) Spiral of filleted concentric rectangular tracks transferred
onto a Kapton tape substrate. (C) Circular loop transferred onto a Kapton tape substrate.
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Figure 3
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Mechanical integrity and handleability of delaminated copper films. (A) Time-lapse optical images of
meniscus-confined electrodeposition of a copper line on stainless steel at 4 s (single pass), 64 s
(repeated passes), and 124 s (delamination onset). White dashed boxes highlight the growing copper
deposit beneath the nozzle in the first two frames; the white dashed circle at 124 s marks spontaneous
delamination at the terminal end of the trace. (B) Delaminated copper film handled as a free-standing
foil, demonstrating sufficient mechanical integrity for transfer. Scale bar, 20 mm. (C) Optical image of a
copper film mounted between tensile test grips on a Kapton tape carrier. (D) Representative stress—
strain curve of a free-standing copper film.
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Figure 4

Surface morphology and thickness control of delaminated confined-electrodeposited copper. (A) Surface
roughness along the 20 mm trace measured by laser confocal microscopy at a 3x5 grid (three positions
across the width at edges and center, five along the length at ~3-5 mm spacing; inset). The substrate
side is smooth and position-independent (Sq 40-55 nm); the nozzle side is rougher and more variable
(Sq 200-660 nm), rising toward the terminal end. The inset also shows the deposition schematic
indicating the two measured faces. (B) SEM of the two faces: substrate side (top) smooth and
featureless, reproducing the polished steel finish; nozzle side (bottom) granular and nodular. Scale bars,
10 um. (C) Film thickness versus pass count; growth is linear at ~0.13 pm per layer from ~0.75 pm at 5
layers to ~4.1 uym at 30 layers. Dashed line, linear fit.
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Figure 5

Electrical quality of delaminated confined-electrodeposited copper. (A) Roughness versus resistivity for
confined electrodeposition (this work), inkjet, and screen-print/doctor-blade copper. Confined-
electrodeposited copper occupies the lower left corner, combining lower roughness and lower resistivity
than all printed routes. Vertical dashed line, bulk copper resistivity (1.72 uQ-cm); horizontal dashed lines,
copper skin depth at 5, 20, and 30 GHz. (B) Four-point-probe resistivity (red squares, left axis) and film-to-
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bulk resistivity ratio (blue circles, right axis) versus film thickness. Resistivity is statistically flat across
2-4 pm at ~1.3-1.5x bulk (one-way ANOVA, P = 0.71, n2 = 0.15); the thinnest film (1.31 ym) measures
higher but is not significantly different from thicker films (Welch's t-test, t = 2.36, P = 0.13). Dashed line,

bulk copper resistivity; inset, four-point probe geometry (1.27 mm contact spacing, 20 mm x 1.5 mm

deposit) 11:1314:33,3436-40
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