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Abstract
Printing of ultrathin layers of polymeric and colloidal inks is critical for the manufacturing of electronics
on non-conventional substrates such as paper and polymer films. Recently, we found that nanoporous
stamps overcome key limitations of traditional polymer stamps in flexographic printing, namely enabling
the printing of ultrathin nanoparticle films with micron-scale lateral precision. Here, we study the
dynamics of liquid transfer between nanoporous stamps and solid substrates. The stamps comprise a
forest of polymer-coated carbon nanotubes (CNTs), and the surface mechanics and wettability of the
stamp are engineered to imbibe colloidal inks and transfer patterns by conformal contact with the
substrates. By high-speed imaging during printing we observe the dynamics of liquid spreading, which is
mediated by progressing contact between the nanostructured stamp surface and the substrate and
imbibition within the stamp-substrate gap. From the final contact area, the volume of ink transfer is
mediated by rupture of a capillary bridge; and, after rupture, liquid spreads to fill the area defined by a
precursor film matching the stamp geometry with high precision. Via modeling of the liquid dynamics,
and comparison with data, we elucidate the scale- and rate-limiting aspects of the process. Specifically,
we find that the printed ink volume and resulting layer thickness are independent of contact pressure; and
thickness decreases with retraction speed. Our results show that nanoparticle films with tailored thickness
in the < 100 nm regime can be printed using nanoporous stamp flexography, at speeds commensurate
with industrial equipment.
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Introduction
High-throughput printing of electronic materials is critical to mass production of devices including thin
film transistors,1–5 RFID tags,6 and transparent electrodes, for use in applications such as smart
packaging,7–10 asset tracking, and photovoltaics.11,12 Typically, the desired formats of printed electronics
contrast those of wafer-based semiconductor fabrication, demanding lower manufacturing cost and largearea compatibility.1,6,13–15 Many traditional printing technologies including inkjet, flexography, gravure,
slot die coating, and screen printing have been adapted to printing of inks suited as precursors to
functional thin films. The performance of devices such as printed transistors, and the resolution of printed
display pixels, is in particular limited by the performance of extant printing methods. For instance,
flexography (Fig. 1A) is a highly scalable, high-speed direct printing method, yet it is limited to
resolutions of ~10’s of microns16 as a result of the ink being squeezed out17,18 between the stamp and
substrate and due to dewetting of the deposited ink film.19 Broadly, there remains an important need for
improved printing technologies for ultrathin (~0.1 µm or smaller) and fine features (~µm resolution) to
advance printed electronics technology.
Most of the aforementioned printing technologies use liquid or polymeric inks, often containing colloidal
nanoparticles that are sintered to form films after drying of the printed ink pattern. As such, limitations to
the feature size and thickness are attributed to the coupled, time-dependent fluid and solid mechanics of
the printing process. In flexographic printing, we recently demonstrated that significantly finer printed
feature dimensions can be achieved when nanoporous stamps are used instead of traditional non-porous
polymer stamps.20 The key difference is that nanoporous stamps retain the ink within their volume (Fig.
1B), enabling the printed pattern to precisely replicate the shape of stamp features without suffering the
squeeze-out and dewetting instabilities of traditional flexography. For instance, nanoporous stamps
comprising polymer-coated vertically aligned carbon nanotubes (CNTs) enabled high speed (0.1 m/s)
printing of features with ~3 µm minimum size, from conductive, dielectric, and semiconducting
nanoparticle inks.
In traditional flexography, when the elastomer printing stamp is brought into contact with the substrate,
the ink on the surface of the stamp forms a liquid bridge between the stamp and the substrate. As the
stamp and substrate are separated, the liquid bridge ruptures and a small volume of liquid is transfered to
the substrate under each stamp feature. Early studies of liquid transfer in flexography, using millimeterscale features and glycerol showed that the relative contact angles between the liquid and the surfaces
determined the transfer fraction under quasi-static conditions.21,22 Fast separation led to the liquid
separating equally between the two surfaces irrespective of the wettability.23 Experiments using distilled
water, PMMA stamps, and a variety of acceptor surfaces established that the difference in the receding
contact angles of the donor and acceptor surfaces determines the transfer ratio at low separation speeds.24–
26
Amirfazli et al. also studied the combined effects of inertia, ink viscosity, and receding contact angles
on the liquid transfer and developed empirical relations for the transfer ratio as a function of capillary
number (Ca = 10-7 to 1), Reynolds number (Re=10-8 to 102) and contact angles (θ=300 to 1130).27–29 Qian
and Breuer30 developed mathematical models validated by their experiments to study the liquid transfer
from a constant volume liquid bridge between a donor surface where the contact line is pinned and a
hydrophobic acceptor surface where the contact line is free to move. They used stability analysis to
predict the onset of contact line motion and the onset of bridge rupture, and thereby predicted the
influence of drop volume on the transfer ratio. In summary, at low speeds, the receding contact angles on
the two surfaces determine the ink transfer ratio, with a greater fraction remaining on the surface with
2

higher wettability. As the speed increases, the process becomes less dependent on surface properties and
the transfer ratio tends towards 50%. The transfer ratio decreases at even higher speeds due to volume lost
to the formation of satellite droplets during rupture. Yet, non-uniform drying and capillary flow produce
printed features with non-uniform thickness, which remains a limitation to practical use of flexography in
printed electronics.
Using nanoporous stamps, we may expect that the relative wettability and separation speed will similarly
be important, yet the role of the stamp texture and porosity on the formation and recession of the liquidsolid interface during printing, can influence the speed limits of the process as well as the amount of ink
transferred. Here, we study the dynamics of ink transfer between nanoporous stamps and solid substrates.
We capture the printing process with a high-speed, high-magnification imaging apparatus positioned
behind a transparent substrate. Based on image analysis, and analytical modeling, we then discuss the
dynamics of ink spreading, recession, and re-spreading during printing. These findings provide guidance
to control the uniformity and thickness of printed patterns, and to assess the potential rate and scale limits
that are critical to industrial applicability of the technology.

Methods
Visualized printing experiments The experimental setup was designed to accommodate CNT stamps up
to 20 x 20 mm in size, and to control the contact force, stamp approach and retraction speeds, and the
alignment between the stamp and the substrate. During printing, the CNT stamp is placed on the flexure
stage, and the printing substrate is placed in a circular slot of an acrylic fixture. The flexure is clamped at
its ends and a capacitance probe placed between the flexure holder and the flexure is used to measure the
deflection and set the contact force between the stamp and substrate. The flexure holder is attached to a
single axis motion stage via a tip-tilt stage which is used to align the stamp with the substrate. The
printing substrate is a spherical lens. A custom-built microscope along with a high speed camera (Vision
Research, Phatom v2511) was placed behind the substrate and was used to take videos during the printing
experiments. The dry stamp is placed on the flexure and is brought into contact with the spherical lens so
that the contact pressure on the stamp is within the range20 required to achieve conformal contact and the
stamp is aligned with the substrate. The stage displacement required to achieve the contact pressure is
recorded and the stamp is removed from the flexure. After inking and excess ink removal, as outlined in
the inking section, the wet stamp is placed on the flexure and brought into contact with the lens. During
such a printing step including stamp approach and retraction, high speed videos are recorded at up to
~25,000 frames per second.
Stamp Fabrication To fabricate the stamps20, first vertically aligned CNT arrays (CNT ‘forests’) are
grown on lithographically patterned silicon substrates by atmospheric pressure chemical vapor deposition
(CVD). Then, the top entangled ‘crust’ layer (<1 μm thickness) is removed by a brief oxygen plasma
etching (Diener, Femto Plasma System) and coated with a thin layer (~20 nm) of polyperfluorodecylacrylate (pPFDA) using initiated CVD (iCVD).20,31,32 The plasma etching is critical to
remove the stiff and rough crust which is not desirable for high-resolution printing because it results in
non-uniform contact against the target substrate. The pPFDA coating followed by second plasma
treatment allow liquid infiltration and solvent evaporation without shrinkage or collapse of the CNT forest
by elastocapillary densification. The final plasma-treated pPFDA-CNT microstructures are highly porous
(>90 % porosity) with nanometer pore size (~100-200 nm), allow liquid infiltration without deformation
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due to capillary forces, and are mechanically compliant, enabling uniform contact with the target
substrates.
Inking The ink used in this study is composed of silver nanoparticles dispersed in tetradecane (SigmaAldrich, 736511). The surface tension and viscosity of the ink are 27 mN/m and 10 mPa-s, respectively,
and the ink exhibits good conductivity (30-60% of bulk silver) after annealing.20 The particle
concentration is 50-60 wt% with particle sizes less than 10 nm. A 100 droplet of ink is pipetted onto
the stamp and then the stamp is spun to 1500 rpm for 1-3 minutes in a spincoater.

Results and Discussion
Nanoporous stamps are fabricated by chemical vapor deposition (CVD) growth of CNT forests from a
lithographically patterned catalyst film on a silicon wafer (see Methods). An exemplary stamp with an
array of cylindrical micropillars is shown in Fig. 1C. The mechanical compliance, surface roughness, and
wettability of the stamp structures are tailored via plasma treatment of the CNTs and subsequent coating
with a thin layer of polymer (pPFDA, 20 nm) by initiated chemical vapor deposition (iCVD).20,31,32 The
combined treatment allows liquid inks to wick inside the structures without significant densification or
swelling (Fig. 1D and 1E). The wet stamp has ink infiltrated in the stamp microstructures and in the gaps
between the stamp features as shown in the microscope image (Fig. 1D) taken using a laser scanning
confocal microscope (Keyence, VK-X250). In order to remove the ink in the gaps, we bring the wet
stamp into contact with another stamp consisting of CNT forests with no patterns in them, as described in
our previous work.20 The stamp after the removal of excess ink has ink wetting the stamp surface
conformally as shown in the confocal microscope image (Fig. 1E).
Ink transfer from the nanoporous stamps to glass substrates is visualized using a custom-built printing
apparatus integrated with a high magnification, high speed imaging system (Fig. 2A). A colloidal silver
nanoparticle ink (Sigma Aldrich, <10 nm in tetradecane, 50-60 wt%) was used in all experiments, and the
ink was applied to the stamp by pipetting a 100
drop on the stamp followed by spin coating at 1500
20
rpm for 3 minutes. In each experiment, an inked stamp was brought into contact with a spherical glass
lens (0.50 m radius, ThorLabs) with a prescribed velocity and stopped when a prescribed force was
reached (see Methods). Contact was maintained at the specified force for 10 seconds, then the stamp was
retracted from the lens with a second prescribed velocity. The stamp-substrate interface was viewed
through the back (flat) side of the lens during the entire printing process (Figs. 2B, 2C and Videos S1 and
S2). The convex curvature of the lens ensured a contact region with locally uniform pressure, being
essentially flat in comparison to the size of the individual stamp micropillars. In Fig. 2D and Fig. 2E we
show an exemplary printed pattern and thickness profile on the lens after solvent evaporation. When the
micropillar array stamp contacts the lens, each micropillar prints a circular feature, and is compressed by
an amount determined by the position of the stamp along the motion axis and the local position of the lens
surface where it contacts the micropillar (Fig. 2F). As a result, a single experiment creates an array of
printed features under locally different contact pressures, and correlations between contact pressure, print
thickness, and print area (relative to the micropillar area) are assessed (Figs. 2G, 2H). The print area ratio
(ratio of area of stamp pattern to printed pattern) increases with contact pressure (Fig. 2G) whereas the
measured thickness (Fig. 2H) of the printed layers is not influenced by the contact pressure. Thus, the
videos must be used to understand the dynamics of ink transfer.
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From the videos, we identify the dynamics of contact and ink transfer between the stamp and substrate, as
shown in Fig. 3 and Videos S3a-c, S4a-c, S5a,5b, for individual inked micropillars with circular, annular,
and square shapes. Upon initial contact between the micropillar and substrate, wetting initiates; the
position of contact is determined by the surface profile of the micropillar stamp, which has a waviness of
~1 micron over 100 microns. Then, liquid spreads outward to fill the gap between the stamp and
substrate, while the stamp continues to approach the surface. For the circular micropillar (Fig. 3B) of
radius rs, liquid spreads radially outward (r(t)). For the annular stamp (Fig. 3C), initial contact occurred
along the outer circumference, followed by liquid spreading along a ring which expanded to fill the
annulus. For the square stamp (Fig. 3D), spreading began near the left edge of the image, then reached the
top and bottom edges, and then swept to the right. In all cases, the rate and direction of spreading is
influenced by the local gap height and stamp waviness, until spreading stops when the liquid is pinned by
the edge of the stamp feature. According to the experiment procedure, motion of the stamp is stopped
when the prescribed contact pressure is reached; here, the local pressure ensured that the stamp contact
area became fully wetted. Contact may remain partial if the pressure is insufficient, which results in
incomplete wetting and thus non-uniform printing.20
When retraction of the stamp begins, a liquid bridge forms, pinned to the edges of the stamp and filling
the small gap. As retraction continues, the liquid bridge recedes inward until it ruptures and leaves a
droplet on the substrate. After rupture of the liquid bridge, the separated drop respreads back to the
original shape that was wetted during stamp contact. This behavior is particularly evident when we
observe the annular and square stamps, and appears to be critical to the shape fidelity of the printing
process. Below we further discuss each stage of observation, and understand the governing attributes of
the liquid transfer dynamics and the printed liquid volume.
Initial contact (ri << rs). At the instant of first contact between a small area of the stamp and the
substrate, a liquid bridge forms, as in Fig. 4A. If the stamp is inked conformally (Fig. 1D), such that there
is not an excess layer of liquid on its top surface,20 the point of initial contact is the “highest” point on the
stamp determined by the waviness of the polymer-coated CNT forest. The stamp may have micron-scale
waviness due to non-uniformity in the CNT growth, and has nanoscale roughness (Fig. 1E, s ~50nm) due
to the height variation of the CNTs after growth, coating, and plasma treatment. Stamp waviness and
angular alignment with the substrate both produce micron-scale variations in gap height across the stamp
feature, and collectively determine the initial gap height (ha) at which the liquid bridge forms.
Spreading (ri < r < rs). Spreading (Fig. 4B) between the nanoporous stamp and substrate is fundamentally
different from that between two solid surfaces17,24,26–28,30 (as in classical flexography); here, one surface is
porous and filled with liquid, allowing a liquid supply to the gap during spreading. Accordingly, the
volume of liquid between the stamp and the substrate may continuously change during the spreading step.
Considering a small volume of liquid in a gap closing at constant speed (va) with height of h = ha - vat, we
equate the rate of volume change of liquid within the gap to the flow rate from the porous medium (see
Supporting Information),
(1)
Here,
[Pa] is the pressure difference from deep in the porous stamp to the outer radius of the liquid
meniscus in the gap,
[Pa-s] is the ink viscosity, and
and
[m2] are the axial and radial
permeabilities of the stamp. The term on the right is the approximate flow rate from a semi-infinite,
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anisotropic porous medium driven by a pressure difference.33–35 We approximate the stamp near the
contact interface as a porous medium consisting of parallel cylinders,34 for which, to leading order,
. The pressure in the gap is lower than that in the stamp, and this difference provides the
driving force for ink flow during spreading. The pressure difference is estimated as ~ γ/λCNT, where γ
[N/m] is the surface tension of the ink and λCNT is the CNT-CNT spacing, and is taken to be constant
during spreading. Solving Eq. 1 (see Supporting Information) we derive the time-varying radius of ink in
the gap as
(2)
where

is a critical velocity,
(3)

To validate this model, we conducted printing experiments at approach speeds ranging from 0.1- 50
mm/s. From the high-speed video images (Figs. 4B, C), an effective spreading radius is extracted and
compared to the model (Fig. 4D). For r2/ rs2 < 0.95, the model captures the general trends in the
experimentally measured spreading profiles for both low and high approach speeds. Here,
and
are
used as fitting parameters to match the model to the measured curves. Ink loading determines the precise
value of ink pressure within the stamp ( ) and will contribute to variations in (Eq. 3) between prints.
As r2/ rs2 approaches unity, spreading slows and our model does not account for how the liquid comes to
rest. One contributing factor is the approximation of symmetric spreading; while we model spreading as
always starting at the center of a radially symmetric geometry, the initial liquid bridge usually initiates at
least slightly off-center, as seen in Figs. 4B,C. Therefore, at short times relative to the total spreading time
the radial approximation is valid, yet once the ink reaches an edge the spreading becomes asymmetric and
deviates from the model predictions. Since ink does not flow beyond the edge, the average spreading rate
slows, as seen at later times in Fig. 4D.
Moreover, at low approach speeds, the rate of spreading is approximately constant, while at higher
approach speeds, the rate of spreading is proportional to approach speed, Fig. 4E. We classify these as
capillary- and compression-driven spreading, respectively. Defining the average velocity of the spreading
meniscus = rs/ts, where ts the total spreading time, Eq. 1 gives,
(4)
By taking low and high speed limits of Eq. 2,

(5)

Therefore, when << , capillary-driven flow from the porous stamp dominates the spreading rate, and
spreading can be approximated as if the stamp was stationary (Fig. 4B). For >> , however, the gap is
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closing at a much faster rate than the rate at which ink can flow from the stamp (Fig. 4C). In this regime,
an initial liquid bridge that wets across the gap will undergo approximately constant volume deformation
with negligible ink flow from the stamp during spreading. Therefore, the spreading rate is simply
determined by the ratio of feature width to initial gap distance and is proportional to the approach speed.
Importantly, at high speeds, the spreading rate is independent of liquid properties and stamp porosity.
We estimated
= 0.3 mm/s using the known ink properties and approximating the stamp permeability
using an analytical expression for an array of aligned cylinders34 (see the Supporting Information). This is
in reasonable agreement with the value of
= 0.2 mm/s used to fit the model to the measured data in
Fig. 4E. Differences arise due to the precise value of ink pressure within the stamp, the distribution of
CNT diameters and imperfect alignment, the modeling assumption of symmetric ink spreading, and
experimental uncertainty.
Full wetting and contact dwell time (r » rs). After the stamp comes to rest, the equilibrium shape of the
wetted area is determined by the contact pressure on the micropillar, and by the uniformity of the stamp
relative to the opposite surface. Fig. 2G shows the pressure range (
) where the area ratio (ratio of area
of stamp pattern to printed pattern) is ~1 using the measurements of printed patterns on the spherical lens
and comparison with the predictive model.20 Below the minimum threshold contact pressure (
) at
the lower limit of the pressure range (
), at the end of the approach step, contact area is less than the
stamp cross sectional area and there are regions in the stamp-substrate interface where the gap is >> λCNT.
Therefore, there is no driving force for the flow of liquid from the stamp even with long dwell times and
the wetted area is smaller than the stamp cross sectional area producing incomplete pattern transfer.
Above the maximum threshold contact pressure (
) at the upper limit of the pressure range, excess
stamp compression will squeeze out additional ink into the space between stamp features, forcing wetting
over a larger area than defined by the stamp feature and resulting in oversized printed features. Therefore,
when the contact pressure on the micropillar lies within the range (
), the nanoporous stamp fully
contacts the opposite surface, i.e., coated CNTs are in contact throughout the area of the stamp feature.
After contact, the stamp is held against the substrate at constant force before being pulled away. During
this period, the ink meniscus can relax to an equilibrium shape (
) through visco-capillary flow into
or out of the stamp features. The relaxation likely occurs much faster than the 10 s contact time used in
the experiments reported here, but has not been characterized. A long contact time was used to decouple
the approach and retraction stages of the printing process, but a much shorter dwell time may be used in
practice and is unlikely to affect the printing results if full contact is achieved.
Retraction (rr < r ≤ rs). Starting from the condition of full contact and wetting of the interface, a thin
liquid bridge is initially drawn from the stamp upon retraction, and is pinned to the substrate at the edges
of the stamp feature (Fig. 5A). At this instant, the wetted contact area remains constant while the contact
angle of the ink with the substrate decreases to the receding angle. The height of the liquid bridge within
the gap when the contact line first begins to move (hr) defines the initial volume of ink in the gap during
recession. Then, the retraction speed, influences the balance between liquid bridge deformation and the
flow from the porous stamp. At low retraction speeds, liquid flow from the stamp will be sufficient to
maintain a filled gap between the stamp feature and the substrate as the stamp moves upward. The ink
volume in the gap maintains a constant radius of r = rs until the aspect ratio of the liquid bridge exceeds
the stability limit, and the bridge ruptures. Equating the volume flow rate from the stamp on the right side
of Eq. 1 to the rate of volume increase in the gap, this low speed regime is predicted for
.
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However, during retraction
may differ from that during the approach, because it is proportional to
(Eq. 3) which has decreased during the contact dwell time.
For >
, the meniscus will recede despite capillary pressure driven flow from the porous stamp. The
radius of the receding contact can be approximated by the same method as for spreading, except here the
gap height, h = hr + vrt, is increasing at a constant speed. Designating the gap height at which the ink
radius begins to recede as hr, Eq. 1 predicts that the ink radius decreases as
(6)
From the high-speed video images (Figs. 5B, C), an effective contact line radius is extracted and
compared to the model (Fig. 5D). Using
and
as fitting parameters in Eq. 6, model retraction curves
are matched to measured time traces. In Fig. 5E, we show the measured average recession speed of the
contact line for different stamp retraction speeds, compared with the above model. The model curves
follow the general retraction behavior but deviate from the experimental results in a few important ways.
Once the contact line begins to recede, the measurements show an initially slow but accelerating motion
not captured by the model (Fig. 5D). Whereas the model assumes a symmetric, radial ink recession,
images of the ink contact during retraction reveal a more irregular shape contributing to modeling
inaccuracy. Further, the model does not account for the dynamics of transition of a pinned contact line
into a receding one. The images in Fig. 5B, C suggest the possibility that the contact line initially remains
pinned over some sections of the edge while receding from others, accentuating the asymmetry and
resulting in a slower increase of the contact line speed as the gap increases. In the experiments, the
contact line location is determined by viewing the ink through the transparent substrate. A certain
thickness of ink will be required to obtain sufficient contrast to discern the contact line position. This
leads to measurement uncertainty in the retraction time traces, and is greatest at the highest speed of 50
mm/s in the present experiments.
Rupture (r = rb). The geometry of the receding liquid bridge, and the dynamics of bridge rupture,
determine the liquid volume that is printed. The receding liquid bridge ruptures (Fig. 6A) when the
aspect ratio of the stretched meniscus exceeds its stability limit. For low capillary numbers (
),
a liquid bridge with pinned contact lines stretched quasi-statically will become unstable at an aspect ratio
of
(rb and hb are the bridge radius and height at the instant of rupture), and breaks by viscocapillary necking.36. The lowest point in Fig. 5D corresponds to the instant at which the capillary bridge
breaks. By analyzing the videos, we find that the radius and height at the moment of rupture reasonably
agree with the quasi-static stability limit. Assuming this limit defines the moment of rupture for all
retraction speeds (
), the radius, height, and volume (
) of the liquid
bridge at the moment of rupture can be estimated by approximating the liquid bridge geometry to be a
cylinder (see Supporting Information).
The retraction profiles in Fig. 5D show noticeable discrepancies in the radius of rupture between the
model and the measurements. The model approximates the liquid bridge as a cylinder, but the actual
liquid bridge deviates from this shape, both due to the non-circular cross-section observed in Fig. 5C and
the off-perpendicular contact angle it makes with the substrate. Images of the liquid bridge just after
rupture (Figs. 3B-D) show an off-center breaking position, indicating significant asymmetry in ink
recession.
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Nevertheless, we accurately predict that the volume of ink in the capillary bridge at rupture decreases
with retraction speed because at higher speeds, there is less time for ink to flow into the gap before
rupture. At high speeds (
), ink transfer from within the stamp is negligible and the volume at
rupture plateaus to the ink volume in the gap just before contact line recession began. The model predicts
that the printed volume levels off to within 10% of the high-speed limit at
m/s and is within 2%
at
m/s. At the limit of low speeds (
), we expect that the gap remains filled until rupture
occurs. Therefore, the upper-bound for the ink transfer volume is determined by the stability limit of a
liquid bridge pinned along the periphery of the stamp feature,
.
Moreover, the symmetry of breakage is known to strongly depend on the differences in contact angles.28
The transferred liquid volume can simply be estimated as
, where is the transfer ratio. Assuming
subsequent drying of the ink to a uniform layer of nanoparticles, for a 50% by weight colloidal ink, we
estimate the printed layer thickness (Fig. 6B) as
, where
,
are the densities
of silver and solvent and
is the area of the printed layer (=
) (see Supporting Information).
Therefore, the predicted printed layer thickness is constant for
and then it decreases with
retraction speed to level off to a constant value at high speeds (
We measured the profiles (Fig.
2E) of 5-10 samples of printed patterns on the spherical lens along a line and calculated the average
thickness of each printed pattern. The measured values of average thickness (Fig. 6B) of the printed layers
is higher than 200 nm at low retraction speeds (
mm/s), then it decreases to less than 50 nm at
50 mm/s. The initial ink volume on the stamp varies between experiments conducted at different
speeds and this leads to differences between the measured and predicted values of printed layer thickness.
Respreading (rb < r < rs). Importantly, the liquid respreads to match the stamp feature after rupture
(Videos S4a-c, S5a, 5b), and therefore the nanoporous stamps can be used to produce features with
internal holes (e.g., annuli) and sharp corners (Figs. 6A, C) with high fidelity. We attribute this
respreading to the presence of a precursor film,37 a thin layer of liquid that forms on the wetted areas of
the substrate during contact and remains after the stamp retracts. We expect this precursor film to be
present even when printing with solid stamps, however, in that case, excess ink is squeezed out of the gap
between the stamp and the substrate during printing, wetting a larger area than the original stamp feature.
In contrast, nanoporous stamps make conformal contact with the substrate without significant squeeze
out, creating a precursor film that matches the stamp area with high accuracy.
The experimental time traces of respreading (Fig. 6D) show a relaxation of the ink radius without
oscillation, verifying that inertial effects are negligible. Droplet spreading of this type is governed by
Tanner’s Law,37,38
(7)
This scaling reasonably tracks the measured respreading time traces, as shown in Fig. 6D. Similar to the
approach and retraction models, respreading is approximated as occurring symmetrically. However, as
seen in Fig. 6C, the ink bridge can rupture in an off-center position with an asymmetric shape.
Furthermore, the ink reaches some sections of the edge earlier than other sections. This leads to deviation
from the model throughout much of the respreading process. The model assumes radial respreading with a
circular contact shape, and therefore also does not resolve the slower respreading into the corners of the
square feature at later times (Fig. 6D). Similarly, the model does not attempt to capture the significant
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circumferential component of respreading from the annular feature, leading to significant deviation in that
case (Fig. 6D). As with the approach and retraction models, the ink is approximated as a simple fluid, but
the presence of nanoparticles may further complicate the spreading dynamics especially for layers with
thickness comparable to the particle size within the fluid.
Towards precision, high-speed printing using nanoporous stamps. Precise control of the printed layer
thickness, thickness uniformity, and shape accuracy compared to the stamp features, is necessary for
fabrication of devices whose performance is coupled to these parameters. Here, using nanoporous
flexography, we print Ag nanoparticle films with average thicknesses ranging from <30 nm to >150 nm,
at retraction speeds of 0.1-50 mm/s. Therefore, we conclude that, keeping all other variables constant
including the ink concentration and the surface properties, the retraction speed of the stamp is the
principle means of controlling layer thickness.
Previously, we demonstrated printing at linear speeds of up to 0.2 m/s using a plate-to-roll apparatus, and
this speed was limited by the operating range of the linear motion stage in our apparatus.20,39 In the rollto-plate configuration, which mimics industrial equipment, the retraction speed ( ) between the stamp
and the roller is
(8)
where
and
are the tangential speed and the radius of the roller respectively. Using values for
=0.254 mm and =10 m/s typical in industrial flexography, we estimate the retraction speed to be
0.2 m/s which is in the asymptotic regime (t < 50 nm, Fig. 6B) using the conditions of our present
experiments. From this point, the printed layer thickness (after drying) may be controlled by the particle
concentration in the ink.
The average thicknesses values calculated from the measured profiles (Fig. 6E) of the printed layers of
circle, square and annulus are 146.6, 112.8, and 101.9 nm respectively. Though the thickness tapers
sharply toward the edges of each printed shape, the printed features are locally very smooth, and uniform
within the edge regions. The calculated (see Supporting Information) average roughness (Ra) ranges from
1.5 to 5 nm, and the RMS roughness (Rq) ranges from 2 to 7 nm. These values are at least ~10-fold less
compared to layers printed using18,40 conventional flexographic printing with solid elastomer stamps.
Returning to the overall distribution of printed features on the lens (Fig. 2E), we find that the measured
thickness of the printed layers is not influenced by the contact pressure (Fig. 2H). This suggests that ink
released from the stamp due to compression of the CNTs during contact is not affecting the printed
volume. It is possible that any additional ink volume released during compression is quickly reabsorbed
during decompression. This is also very desirable for industrial printing, because local and global
variations in the stamp and substrate surface can be accommodated by compliance of the stamp, without
detriment to printing uniformity.
The lateral error, defined as the difference between the lateral dimension of the printed layer and that of
the stamp pattern, is another major consideration for precision printing. The lateral dimension of the
transferred film is determined at the moment of full wetting, as we found that the ruptured ink droplet
tends to re-spread to fill the previously wetted shape. To achieve conformal contact between the stamp
and substrate, the contact pressure between the stamp and substrate must lie within a range determined by
the stiffness of the CNTs, CNT-CNT spacing (λCNT), and the standard deviation (σl) of the lengths of
CNTs, assuming the lengths are normally distributed.20 Fig. 2G shows the pressure range (
) where the
10

area ratio (ratio of area of stamp pattern to printed pattern) is ~1 using the measurements of printed
patterns on the spherical lens and comparison with the predictive model.20 At the moment of full wetting,
if the contact pressure is within this range, then during respreading, the transferred liquid drop fills the
wetted area that matches the stamp pattern. If the pressure is less than the lower limit of this range, the
printed area will be less than the stamp area due to partial or incomplete contact between the stamp and
substrate. When the pressure is greater than the upper limit of this range, the area ratio is greater than 1
due to excessive deformation of the nanoporous stamp. Moreover, the vertical motion precision required
to maintain the contact pressure range that was experimentally determined to achieve full contact without
overprinting is
, where kcnt is the stiffness of the CNT. Therefore, the motion precision
required is ~150 nm to minimize lateral error in printing.
Limitations of this study. Our liquid transfer model elucidates other key factors that determine the
transfer behavior and resulting dimensions of the transferred film, such as liquid surface tension and
viscosity, stamp permeability, and initial ink load on the stamps. Further insights can be gained by
studying the effect of the stamp porosity by varying the coating thickness of polymer on the CNTs or the
CNT diameter or by varying both. However, varying the porosity by these methods will change the
stiffness of the stamp and hence will alter the stamp-substrate contact mechanics. Experimental validation
using inks with a wide range of liquid properties and stamps with controlled pore sizes will be beneficial
for further understanding.
Also, colloidal nanoparticle inks exhibit shear thinning rheology dependent on particle concentration.41–51
This non-Newtonian behavior remains small for particle volume fractions below 25% 44, making a
Newtonian flow approximation reasonable for the 7% volume fraction ink used in this study. However,
printing with inks at higher loading, and/or printing of much smaller features may require consideration of
non-Newtonian behavior. The assumption of Newtonian flow is further justified in section 6 of the
Supporting Information.
The influence of stamp compression on the ink flow within the gap, and the dynamics of retraction, must
be considered for features whose dimensions approach the motion and alignment precision of the printing
apparatus, or when stamp compression is relied upon to accommodate substrate curvature or roughness.
Further, the present model approximates the ink volume in the gap as being cylindrical and groups a
number of factors including capillary pressure within the stamp, contact angles, and ink loading into a
fitting parameter,
, without attempting to find a relation for this parameter based on the physical
system. Nevertheless, our analysis captures the key dependencies of transferred ink volume on retraction
speed, and of spreading time on approach speed.

Conclusions
We have studied the dynamics of ink transfer from nanoporous stamps enabling precision printing of
ultra-thin liquid films by displacement-controlled mechanical contact. Using high-speed imaging and
analytical modeling, we have shown that, at low stamp approach speeds, liquid spreading is driven by
capillary forces and flow from the nanoporous stamp, while at high approach speeds, liquid spreading is
driven by the stamp compression rate during contact. The same model was applied to retraction to show
how the flow within the stamp influences the volume of liquid transferred at different stamp speeds.
Further, we show how the respreading of liquid over a precursor film, matching the maximal stamp-
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substrate contact area, enables direct printing of non-circular features. These findings have implications
for applying nanoporous printing stamps in industrial scale roll-to-roll printing of electronics devices.
Yet, further work is required on registration and materials compatibility in multilayer printing, surface
treatment to optimize wettabilities, and sintering of printed nanoparticles to form continuous layers with
desired electrical properties.
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Figure 1. Nanoporous stamps for ultrathin flexographic printing. (A) Spreadout and film dewetting
lead to loss of resolution and uniformity in flexography with non-porous elastomer stamps. (B) Simplified
schematic of ink transfer from CNT micropillar stamp loaded with ink. (C) SEM images of typical
circular CNT micropillar array (100 μm pillar diameter, 150 μm height) used for nanoporous flexography;
close-up top and side surfaces of a micropillar reveal pores with ~100 nm width. (D) Confocal
microscope images of the stamp after infiltration of Ag (in tetradecane) nanoparticle ink. The 2D profile
shows the wetted liquid surface around the stamp pattern. (E) Top view confocal microscope image of a
single micropillar, and height profile extracted from the image.
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Figure 2. Experimental setup and procedures for visualization of liquid transfer. (A) Apparatus
where contact between the stamp and a spherical lens is imaged through the back side of the lens using a
high speed camera. (B, C) Snapshots from an exemplary experiment during approach of the stamp and
retraction of the stamp from the lens, respectively. The stamp pattern is an array of 100 μm circles with
30 μm spacing, and the experiment is shown in Videos S1 and S2. (D) Pattern printed onto the lens. (E)
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Surface profile of the printed patterns measured by a stylus profilometer after solvent evaporation, along
the line indicated in (E). (F) Schematic showing the compression of stamp pillars when in contact with
the spherical lens. (G) Calculated area ratio of patterns printed on lens versus contact pressure and
comparison with contact model (λCNT=45nm, σl =30 nm and λCNT=45nm, σl =15nm are the parameter
values in Models 1 and 2 respectively20). (H) Measured thickness of printed layers versus calculated
contact pressure at the retraction speed of 0.3 mm/s.
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Figure 3. Visualization of ink transfer. (A) Schematic sequence of steps as observed by high-speed
imaging. Images corresponding to each step from videos of (B) 100 µm circular stamp (videos in S3a-c)
(C) annular stamp with 100 µm outer diameter and 30 µm inner diameter (videos in S4a-c), and (D)
square with 100 µm side length. (videos in S5a,b).
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Figure 4. Spreading dynamics during the stamp approach. (A) Schematics of liquid spreading at the
contact interface as the stamp approaches the substrate - Wetting initiation and spreading at low
(
) and high approach speeds (
). (B) Snapshots from the high speed videos showing the
liquid spreading on the substrate at different approach speeds of 0.1 mm/s (C) and 50 mm/s. (D) Ratio of
the area covered by spread liquid to stamp area plotted as a function of time elapsed since wetting
initiation for four different approach speeds, 0.1, 1, 10, 50 mm/s, (solid lines are based on Eq. 2 and dots
represent experimental data from videos shown in S6a-d). (E) Average spreading time of the liquid versus
stamp approach speed (dashed lines show modeling predictions for different stamp radii and the solid line
is that for stamp radius of 50 µm. The dots and error bars are the average and standard deviation of
experimental data using stamp radius of 50 µm).
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Figure 5. Receding dynamics during the stamp retraction. (A) Schematics of the liquid bridge
initiation as the stamp retracts away from the substrate, contact line pinning and recession during
retraction. (B) Snapshots showing the base of the liquid bridge on the substrate at low and high retraction
speeds of 0.1 mm/s (C) and 50 mm/s. (D) Ratio of the area covered by liquid to the feature area plotted as
a function of time for four different retraction speeds, 0.1, 1, 10, 50 mm/s, (solid lines are based on Eq.6,
full videos shown in S7a-d). (E) The average recession speed of the liquid bridge versus stamp retraction
speed. (The bounds of the shaded region show model predictions of rs/ha = 10, = 0.012 mm/s and rs/ha
= 2, = 0.02 mm/s. The dots and error bars are the velocity calculated from the video observation)
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Figure 6. Transferred liquid film after bridge rupture and re-spreading. (A) Schematic of the liquid
bridge at the moment of rupture, transferred liquid drop on the substrate after bridge rupture, and of
transferred liquid drop re-spreading on the substrate to the stamp feature shape. (B) Thickness of printed
solid layer after solvent evaporation versus retraction speed and comparison with model (solid line) given
by the Eqs. S-41 and S-45. (C) Snapshots from high speed videos of re-spreading of transferred drops
22

forming films with the shape of four squares matching the stamp pattern closely. (D) Ratio of re-spread
film area to stamp area versus time for three shapes and comparison with model in Eq. 7 (solid line). (E)
Measured profile of printed solid layer for three shapes along with microscope images of the printed
patterns.
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