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Double Transfer Printing of Small Volumes of Liquids
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We report here a technique to print small volumes of liquid on a hydrophobic substrate. This process is based on
the control of the critical parameters that govequasi-equilibriumiquid transfer process from one surface to another.
We present a qualitative model that describes the physics of a transfer printing process between hydrophobic surfaces,
and we use the parameters outlined in this model to manipulate the amount of liquid transferred between surfaces.
We demonstrate the printing of discrete, small volume&) fL) of different liquid inks on a polymer substrate starting
with volumes that are 8 orders of magnitude larger (a dropletD uL) in a simple two-step procedure.

Introduction

against a master with photolithographically defined relief features

Avariety of transfer printing techniques have been developed N its surface. The stamp and the substrate surfaces are brought
over the years, and they have been adapted to multipleinto conformal contact to transfer ink from the positive relief
applications. Commercial macroscopic printing processes like features on the stamp to the substrate surfadécro-contact
off-set printing, rotogravure, relief printing, and flexography are  printing has found many applications including the printing of
a well established, essential component of the publishing, protein pattern?polymer patternd: microelectrode arrays;'3

packaging, and transaction printing busine$sansfer printing

organic light emitting diode¥}and organic thin film transistors.

is also used for the commercial production of high density arrays Variations of micro-contact printing have enabled the patterning
of recognition molecules. In the latter, micromachined quill pens of sub-100-nm features on a variety of substrafe¥ Reactive

dispense nanoliter volumes of biological “ink” (DNA, proteins,

wet stamping is a similar transfer process that has recently

etc.) onto substrates, thereby creating large pixilated arrays ofjgqp cited, that utilizes patterned agarose or polyacrylamide

these recognition molecul@sThe resulting microarrays have

emerged as a powerful tool for the quantitative analysis of gene

expressior;*protein recognitiort;fand identification of potential
drug targetd:8

A number of micro- and/or nanoscale printing techniques with
striking analogies to macroscopic writing and printing methods

have been reported in the literatdré! For example, micro-

stamps to deliver liquid reagents onto substrates in a controllable
manner. The transfer of solvated chemicals onto surfaces
facilitates in situ reactions that have applications in surface
wettability modification, fabrication of large aspect ratio mi-
crostructures, and preparation of self-assembly templa#@s.
Another example of a micro/nanoscale printing technique is dip

contact printing uses a stamp fabricated by casting an elastome€n nanolithography (DPRin which a scanning probe (e.g.,
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an AFM tip) is used to “write” patterns of monolayers of different
organic molecules with a resolution down to 5 nm. DPN utilizes
awater meniscus, which forms naturally between a tip and sample
surface at ambient relative humidity, to serve as the ink transport
medium. Diffusion of ink from the probe to the substrate, via
the meniscus, is the primary mechanism of transfer in this
procesg4

All these micro/nanoscale printing techniques involve the
transfer of liquid from one surface to another. The transfer of
liquid droplets of microliter volumes from one solid surface to
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another was first investigated by Chadov and YakRR#¥They in positive photoresist, and the pattern was transferred onto a silicon
studied the transfer process under quasi-equilibrium conditions nitride film (ASM LPCVD system) of 500 nm thickness by dry
and as a function of the rate of retraction of the stamp from the €tching (Sk, Ar isotropic etch, PlasmaTherm2000 ICP-DRIE
substrate, for liquids with different values of surface tension and SyStem). The patterned Siflm was subsequently used as the mask
viscosity. Their observations were key to identifying the for the wet etch. The size of the square holes determined the width

parameters that influence pattern fidelity in microscale off-set of g‘:} tllgt?;i;ZZIi?;[?c:]:]Ider:/?sj;i;;“tﬁ]:asst:rl:acltlgrs? rinted droplets
printing 2”28 These studies investigated the transfer of liquids P ' P pets,

f hvdroohili ¢ hvdroohili hvdronhobi we used different inks: fluorescent nanoparticles (20 nm Fluoro-
rom hydrophilic stamp surfaces to hydrophilic or hydrophobiC  gpheres nvitrogen Corp., Carlsbad, CA), AF488 hydroxylamine

substrates. Furthermore, a number of efforts to describe theqye (A30629, Invitrogen), AF647 hydroxylamine dye (A30632,
shapé® % and stability’~39 of liquid bridges between solid  |nvitrogen), 5 nm colloidal gold conjugate and AF488 labeled

surfaces have been reported in literature. streptavidin (A32360, Invitrogen), tetramethylrhodamine biocytin
Inthis paper, we identify the critical parameters that determine (T12921, Invitrogen), and amino-PEG quantum dots (Q21541MP,
the amount of liquid transferred from ohgdrophobicsurface Invitrogen). All inks were diluted to a 1:100 mixture using a stock

to anotherhydrophobicsurface in a quasi-equilibrium liquid ~ Solution of 90% phosphate buffer (mixture of pOt?SSium mono- and
transfer process, and we propose a qualitative model that describe |Ir(1jy_olrﬁgsetnfho_sprl\1ﬂa(t)e in D('j' fuﬁhe/lr]?d att pH7),10 A)Sglycerc')al\l(ds!g?a-
the physics underlying this process. We also demonstrate the rich, St.Louis, _),a_n mM fructose sugar ( Igma-Aldric )-
controlled transfer of small volumes of liquid, down to the Surface Characterization. For all surfaces used in this study,

. . L . S the advancing ), receding @r), and static §s) contact angles
femtoliter regime, from an initial drop that is several microliters were measured using a goniometer (CAM 100, KSV, Finland). The

in volume, using a straightforward two-step transfer procedure. 4qyancing angle is defined as the largest contact angle observed
) ) before the three-phase line between the surface, the liquid, and air
Experimental Details advances on the substrate, while the receding angle is the smallest

observed angle during the recession of the contactfiResults for

Surface Preparation. Gold-coated samples were obtained b
Y P : ples w ! y the surfaces used are as follows: PDMg= 118 + 3°, g = 85°

sputtering 60 nm chrome followed by 100 nm gold on a diced 2 > < N .
1 cn? silicon wafer fragment[L00]) n doped, resistivity 820 Q + 3% 0s =105 £ 1% gold, 65 = 62° £ 3, O = 10° + 3, Os
cm, Silicon Quest International, Santa Clara, CA). They were washed ~ 32 & 1% silicone A0, = 120° & 3%, 0g = 65° £ 3°, s = 115
in SC-1 solution (100 mL of deionized (DI) water/10 mL o§®}/1 + 1% and silicone Bfa = 110° + 3°, 0 = 60° + 3°, s = 95
mL of NH,OH), sonicated in acetone/IPA and blow dried with N 1 - ) ) o )
prior to use. The DI water (resistivity 18 &1 cm) source was an Printing Experiments. A fixed volume of liquid is applied onto
in-house line. PDMS (Sylgard 184, Dow Corning, Midland, MI) & surface using a pipet (XL3000i, Denville Scientific, Metuchen,
was prepared as a 1:10 mixture of cross-linker/polymer ratio, which NJ), and this surface, which we will refer to as the “substrate” in
was degassed, spin-coatedmat4 in. silicon wafer, and cured at  this study, is mounted on a XY stage (KSV, Finland). The second
70°C for 5 h. Rectangles (2 1 cn? in dimensions) were cut out surface, which we will refer to as the “grlppgr”, is mounted on a Z
of the molded PDMS film. Sheets of two types of biomedical grade, Stage (KSV) parallel to the substrate. The micrometer on the Z stage
nonreinforced vulcanized silicone (880151/NV10 and 880151/NV20, iS usedto control the distanb@etween the gripper and the substrate.
Medisil Corp., Ventura, CA) were also cutinto2l cnirectangles. Figure 1illustrates the configuration ofthe_ setup_ano_l atyplcal I|q_U|d
The two silicone-based surfaces will be subsequently referred to astransfer sequence. Each transfer experiment is visualized with a
silicone A and silicone B, respectively. Prior to use, all polymer high-speed camera (DMK 21F04, Imaging Source Inc., Charlotte,
surfaces were cleaned by sonication in acetone/IPA for 15 min, NC) at 30 frames/s. Each experlmental run was repeated th_rlce. The
followed by drying in a vacuum oven at 4 for 3 h. Elastomeric experiments are .C(.)nducted in a class 100 clean'-room environment
stamps with positive relief features (posts, pyramids) were preparedat a relative humidity of 34%. Drop shape analysis software (KSV)
by casting PDMS against a master with complementary features IS usedto calculate droplet volumes. The volume of liquid transferred
etched onto its surface. The master for postrelief features was createdS determined by measuring the difference between the volumes of
by dry etching (BOSCH process, PlasmaTherm 2000 ICP-DRIE the droplet on the substrate before and after the transfer process.
etching system) cylindrical holes of varying diameters into a silicon Droplets with diameters less than2® were visualized by mounting
wafer. Positive photoresist AZ4620 (Hoechst Celanese Corp., the substrate on cover-glass (5175212, Fisher Scientific, Pittsburgh,
Somerville, NJ) served as the etch mask for the dry etch process.PA), and the surface of the substrate, on which the droplet was
Pyramid-shaped holes were wet etched (35% KOH, 59% DI, 6% transferred viathe gripper mountedaZ stage, was imaged through
IPA at 85°C) into a[1000n-doped silicon wafer surface. Square the cover-glass using an inverted microscope (Leica DMIRE2.Leica
holes of varying side lengths were photolithographically patterned Microsystems, Bannockburn, IL) at 5(nagpnification. Images were
captured with a CCD camera (Retiga Exi FAST, Qimaging Corp.,

: ; ; : : Burnaby, Canada), at 2 frames/s using Image-Pro Plus software
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Figure 1. Schematic of the steps in the transfer printing process of an amount of liquid from one surface to another surface: First, a gripper
surface is lowered (left) and brought into contact with the liquid droplet on the substrate (middle). Then, the gripper is retracted at a finite
velocity until the capillary bridge between the gripper and the substrate breaks (right). Scale bam.750

a constant velocity from the substrate, resulting in transfer of a um/s for experiments-13 and 4-6, respectively. A larger volume
fraction of the liquid to the gripper surface (Figure 1). The largest of liquid is transferred in the experiments with a slower gripper
volume of liquid used in these experiments is a droplet pE5 retraction velocity. Experiments—6 in Figure 2c, however,
with a radius of 1 mm, which is less than the capillary length indicate thataslong as the liquid bridge was compressed initially,
for water ¢~3 mm)#! Thus, gravity does not play a significant complete transfer is possible at higher gripper retraction velocities.

role in these experiments, which was confirmed experimentally  Next we investigated the influence of fluid properties on the
as well. The retraction velocitie¥’) employed are such thatthe  amount of liquid transferred. The viscosity and surface tension
maximum values of the Reynolds numbBe(and the capillary  yalues for water are 16 kg/(m s) and 0.073 N/m, respectively.
number Ca) for these experiments are 0.05 and 0.003, Complete transfer of a water droplet from the PDMS surface to
respectively. the silicone gripper is observed at a gripper retraction velocity
Identification of Critical Parameters. Figure 2a compares  of 25um/s (experiments+3, Figure 2e). Glycerol, on the other
the extent of transfer for two different gripper materials: silicone hand, has a surface tension of 0.064 N/m that is comparable to
A (6s= 115 =+ 1°, 6r = 65° & 3°) and silicone B ¢s = 95° water, but its viscosity is 3 orders of magnitude higher at 1.49
+ 1°, 6r = 60° £ 3°). The substrate used for both transfer q/(m s). An incomplete transfer of glycerol is observed at the
experiments was PDM®§ = 105 & 1°, 0r = 85° + 3°). For same gripper retraction velocity (experiments&4 Figure 2e),
a given liquid (water), a fixed volume (14L), zero initial which indicates the importance of the relative magnitudes of the
compression of the liquid bridge between the two surfaces, andsyface tension to viscous forces of the liquid to be transferred
fixed gripper velocity (2%xm/s), complete transfer of the droplet during the printing processes.
from the PDMS substrate to either gripper material is observed

(Figure 2a). In subsequent experiments, we investigated the effect Figure 2f shows the effect of initial compression of the droplet
9 : d Xp ’ -Stig on the extent of transfer for water and glycerol droplets. In contrast
of other factors that determine the amount of liquid transferred

. LT ) . he experiment shown in Figure 2e, in which glycerol transferr
like total droplet volume, liquid viscosity and surface tension, tothe experiment sho gure ¢, chglycerol transferred

initial extent of compression, and retraction velocity of the gripper. ggg;alrt:;llr)gl gcr);h IZ;A(/:;ere?irrﬁzlnet;(gxlgieE:gzr;)i%efrlgz;?ezrg d
For all experiments shown in Figures-2f) the substrate is gy P b 719

PDMS and the gripper is silicone A. Figure 2b indicates that a almost coanIet(re]Iy fcljromlthe_ PDMS substrglt(_a to ﬁre ill'%oner'?‘
decrease in volume of the droplet fromub (1—3) to 1.7uL gripper when ht € rcl)p etis (;ompresse Initia Izl ht oug
(4—6) increases the percentage of liquid transferred from the compressing the droplet, as before at 1 mm/s, makes the contact
PDMS substrate to the silicone gripper. Figure 2c depicts the line advance on the sut_)strate and the_gnpper surfapes, we did
difference in transfer for two different initial conditions. For notobserve any correlation of transfer with the advancing contact

experiments £3 in Figure 2c, the gripper is lowered until it just angle da, in keeping with the observations made by Chadov and

in 25,26
contacts the droplet, and then it is retracted at a velocity of 50 Yak'hmn. o
um/s. In experiments-46, the droplet volume is compressed to Figure 3 compares the transfer characteristics for three PDMS
half of the height started from in experiments3 such that the surfaces with different positive relief features. In these experi-
radius of the contact circles at the two surfaces is about 1.5 timesMents, gold is the substrate and the gripper is the PDMS surface
larger than that for experiments-B. Before the start of the with the structural features. The experiment begins Wlth an
actual liquid transfer experiment by retraction of the gripper, the Uncompressed, 4. droplet of water on the substrate. In Figure
liquid droplet was compressed at a velocity-ef mm/s. Upon 3a, the molded feature on the PDMS surface is a shallow (depth
retraction of the gripper atthe same velocity of&0/s, itbecomes ~ ~8um) hole of 20Q:m diameter. In this experiment, the substrate
apparentthata large initial compression results in nearly completeis lowered until the water droplet touches the PDMS surface.

transfer of the droplet from the PDMS surface (substrate) to the Once the meniscus forms, the substrate is retracted away from
silicone surface (gripper). the gripper at a velocity of 2Bm/s. A droplet with a diameter

Figure 2d depicts the difference in the amount of liquid €dual to that of the hole is transferred to the PDMS surface and
transferred for two different gripper retraction rates, 50 and 25 itis confined withinthe hole. The features on the PDMS surfaces
in experiments b and ¢ of Figure 3 are a single postand a truncated
(41) Decker, E. L.; Garoff, SLangmuir.1997, 13, 6321-6332. pyramid, respectively. The diameter of the post and the width
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Figure 2. Optical micrographs of the transfer of liquid from a substrate (PDMS, bottom) to a gripper (silicone A, top; unless otherwise noted).
For all experiments, unless otherwise noted, the retraction velocity of the grippeuis/25and the droplet was initially not compressed.
Scale bars: 1 mm. Each set of images«(@) and (4)-(6) corresponds to the steps shown schematically in Figure 1. (aj3L)ransfer
of water to a relatively hydrophilic gripper (silicone B). (4(6) Transfer of water to a relatively hydrophobic gripper (silicone A). Volume
of droplet= 1.4uL. (b) (1)—(3) Transfer of a large droplet of water £&). (4)—(6) Transfer of a small droplet of water (1L). (c) (1)—(3)
Transfer of water for small initial compression. {4B) Transfer of water for large initial compression. Gripper retraction veloeiy0
um/s. Volume of droplet= 1.7uL. (d) (1)—(3) Transfer of water for large gripper retraction velocity (80/s). (4)-(6) Transfer from PDMS
for small gripper retraction velocity (26m/s). Volume of droplet= 1.8 uL. (e) (1)—(3) Transfer of water. (4)(6) Transfer of glycerol.
Volume of droplet= 1.8 uL. (f) (1)—(3) Transfer of water. (4}(6) Transfer of glycerol. Volume of droplet 1.6 uL. Large initial
compression.

of the tip of the truncated pyramid are each 200. In these being transferred to either kind of gripper compared to the case
experiments, the gripper is retracted away from the substrate atthat started with a larger initial volume (4.) of liquid on the

a velocity of 25um/s. The amount of liquid transferred to the substrate (parts a and c of Figure 4), which is in full agreement
post structure (Figure 3b) is less than the volume of liquid with our earlier observations shown above (Figure 2b).

transferred to the pyramid feature (Figure 3c), which, inturn,is  Mechanism of Liquid Transfer between SurfacesOn the
less than the volume of liquid transferred to the shallow hole pasis of the experimental observations in Figure 2, we hypothesize
feature (Figure 3a). The tip of the post and the pyramid relief the following two-step mechanism of transfer: Step 1 describes
structures will be referred to as the “print-head” in all subsequent the initiation of motion at the three-phase line. The surface tension
experiments. at the liquid-vapor interface of the liquid bridge pulls on the
Figure 4 compares the amounts of liquid transferred to the liquid molecules at the three-phase contact line on each of the
post (parts a and b of Figure 4) and truncated pyramid (parts ctwo surfaces. The molecules of liquid at each of the three-phase
and d of Figure 4) from different substrates (gold, silicone A and contact lines also experience forces of attraction from their
PDMS). At the start of the experiment, an uncompressed water respective solid phases (Figure 5a). A molecule at the contact
droplet is placed between the substrate and the gripper, and thdine that is attempting to diffuse along the liguigtapor interface
gripper is retracted at a velocity of 28n/s. The largestamounts  and away from the solid surface would have to overcome the
of liquid are transferred from the PDMS substrates, and the gold forces of attraction due to the solid phase. Thus, the position that
substrates transfer the minimum amount of liquid to the gripper any molecule at the contact line occupies on the solid surface
in each case (postand pyramid). The amount of liquid transferredin the static case may be thought of as a free energy well,
decreases with a reduction in the print-head size. A comparisonsurrounded by energy barriers corresponding to the onset of
of the volumes of liquid transferred to a pyramidal feature and diffusive migration by these molecules (Figure 5b). The location
a post relief structure at the same print-head size reveals that aof the free energy minimum that represents the static liquid
greater volume of liquid is transferred to the pyramidal print- meniscus{s)is a function of the strength of the forces of attraction
head. A smaller initial volume (04L) of liquid on the substrate ~ between the liquid and solid phase. For a polar liquid molecule
(parts band d of Figure 4) results in a greater percentage of liquid on a hydrophilic surfacefg < 90°), the molecule has a lower
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(a)

onthe molecules atthe three-phase line increases. The magnitude

® ©
of this surface tension force is a function of the evolving shape
of the liquid bridge between the two solid surfaces. The liguid
ELIES oA PDMS vapor interface distorts fromits equilibrium shape and the contact
T \ surface angle decreases from its static valég)(at both surfaces to its
’|

receding value{r). The increasing capillary force along the
liquid—vapor interface decreases the potential energy barrier by
a AGyir (Figure 5b), thus making it easier for the molecule to
move away from the solid surfaé&Thus, the difference between
the receding and static contact angles is a measure of the
magnitude of distortion in the activation energy curve that is
required to initiate actual motion of the contact line, which is the
onset of step 2 of the proposed mechanism. The three-phase
contact line thus begins to move first on the surface with the least
difference between the static and receding contact angles, which,
in our experiments, is PDMS. This model explains why water
is transferred completely from PDMS to silicone A and silicone
B (Figure 2a, experiments-13 and 4-6).

Step 2 of the liquid transfer process involves the steady-state
kinematics of the three-phase contact line at the two solid surfaces
(Figure 5c,d). At steady state, when the contact line moves in
the —x direction, at speetd with respect to a ground frame of
reference, the molecules of liquid at the solid surface have a
Figure 3. Optical micrographs of transfer of liquid to a PDMS  velocity component ol in thex direction with respect to a set
gripper. For all experiments, unless otherwise noted, the retraction of reference axes that have their origin at the location of the
velocity of the gripper is 2am/s, the liquid used is water, and the ., hiact fine (Figure 5¢). The molecules of liquid at the contact

initial volume of liquid is 5uL. The substrate used is gold in each line h locit bksina in thez directi hich
case. Each image in ([3) corresponds to the steps shown |IN€have avelocity componeblsing in thezdirection, whic

schematically in Figure 1. The three schemes at the top represengletermines the speed with which liquid is removed from the
the direction of contact line motion relative to the gripper surface. solid surface (Figure 5d), whegas the angle between the liquid
All scale bars are 400m. (a) Transfer of water to a PDMS stamp  vapor interface and solid surface. This rolling motion within the
_ﬁ)_atterfned \leth a ShaHOVPVDhl\c/l)lSe“ke relief. Hole Slze_ 'ﬁ' ?mﬁ” (b) ot frame of reference attached to the contact line shows that the
strr(’jtljr::?uer(ra.oDi\gﬁwtgtretroo?piIIar tipsi;aénq%ﬁé(tgr?reanggr oa} vF\)/Iagrrt%Ie motion of the contact line does not violate the no-slip boundary
a PDMS stamp patterned with a pyramid relief structure. Width of condlltlon as elaborate.d on by Dussan e‘t“d[he. stgady-state
pyramid tip is 200um. velocity of the contact lin& depends on the relative importance
of the viscous forces to the surface tension forces, where for two

free energy than if it were forming a static meniscus on a liquids with comparable surface tension values but differing
hydrophobic surfacefs > 90°). However, the difference in the viscosities the three-phase contact line would move at a faster
free energies correspondinggis not as significantforthe case ~ 'ate for the less viscous liquid. Once the contact line is moving,
where the polar liquid molecule is in contact with two different th€ velocity of the retracting gripper must be matched to the
hydrophobic surfaces, i.e., the difference in the free energy for Vertical velocity componerd sin¢ of molecules at the moving
the static liquid meniscus is not as significant for liquid transfer contact line on the substrgte..lf the gripper retraction velocity is
between PDMS and silicone A and between PDMS and silicone Nigher than the rate at which liquid molecules are removed from
B as it is for liquid transfer between PDMS and gold. the substrate (i.e., the liquid cannot keep pace), the liquid transfers

The description of static and dynamic contact angles in terms only partially from th? substrate before the liquid prldge break_s.
of an activation energy for diffusive migration was first described Whep the two velocities are pomparable, or the gripper retraction
by Cherry et af? and subsequently expanded on by Hoffr&n. rate is much slower thab sin ¢, almost complete ‘“”?“Sfer O.f
Transfer of a polar liquid between surfaces with a large difference the droplet from the substrate is observed before the liquid bridge

in static contact angledg) would be from the surface with the breaLks (Figure 2dl;he>§per|imentsi and 4_6)| lusi
higher static contact angle (like silicone A) to the surface with Chadov and Yakhnin also reached a similar conclusion about

lower static contact angle (like gold). Less work is required to the pivotz:l role of the re_ceding angle in liquid tra_nsfer between
dislodge the molecules of liquid at the three-phase line on the surfaces®However, thewgrgume_nts fo_r the receding angle were
hydrophobic surface. Surface characterization in terms of the based solely on geometric conS|derat|ons,_and they (_jete_rmmed
static contact angle alone, however, is insufficient to explain t.hat.GR was th? only para.mete'r that determined the direction of
why water transfers completely from PDMS to silicone A and /duid transferin the quasi-static case. In a subsequent paper they
from PDMS to silicone B, even though it may suffice as an argu_ed thatthe (_affect_s ofgrlpperretrgctlon velocity, liquid s_urface
explanation for why water transfers completely from silicone A tension, .an.d viscosity played an |r.nport.ant_role °”'¥ in the
to gold. Evidently, a parameter other than the static contact angle”on.equ'IIbrIum case¥: Our observations in Figure 2 lie in a
describes the work done to initiate movement of the three-phase©9ime whereRe Ca < 1. A small Reynolds numberR@

line when a polar liquid is being transferred between two guarantees quasi-static flow condlt_|ons_ because the time scale
hydrophobic surface®é > 90°). As the separation between the associated with the gripper retraction is much larger than the

two surfaces increases, the pull exerted by the surface tensioriMe Scale for the diffusion of momentum, and a low value of
the capillary number@a) puts our observations in the regime

where surface tension effects dominate over viscous dissipation.

()

(42) Cherry, B. W.; Holmes, C. Ml. Colloid Interface Sci1969 29, 174—
176.
(43) Hoffman, R. L.J. Colloid Interface Sci1983 94, 470-486. (44) Dussan, E. B. VAnnu. Re. Fluid Mechan.1979 11, 371-400.
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Figure 4. Percentage liquid transferred versus print-head size for post-shaped relief features on PDMS gripper, using an initial droplet volume
of (a) 4uL and (b) 40 nL. Percentage liquid transferred versus print-head size for pyramid-shaped relief features on PDMS gripper, using
an initial droplet volume of (c) 4L and (d) 40 nL. For all experiments, unless otherwise noted, the gripper retraction velocitynis/25

the liquid used is water, and the substrates used are gold, silicone A, and PDMS.

Despite the fact these experiments are in the quasi-static, surfacéarger adhesion force at one surface creates a larger pull on the
energy dominated regime, our observations Higdrophobic three-phase contact line of the other surface with the lower
surfaces seemto indicate the importance of parameters like grippeireceding-static contact angle difference. As a result, the contact
retraction velocity, liquid volume, surface tension, and viscosity |ine on the surface with the lower receding-static contact angle
of the liquid and the initial compression of the droplet on the (difference begins to move sooner and with greater velocity, if
final outcome of the transfer process. A possible explanation for the dropletis compressed initially as compared to the case without
the apparent anomaly might lie in the fact that experimental {he jnjtial compression of the droplet. Thus, with compression,

observations by Chadov and Yakhnin were concerned with ¢omplete transfer is observed at larger gripper velocities (Figure
transfer from hydrophilic substrates only. As we pointed out in 2¢, experiments 46). The effect of large initial compression,

the discussion above, all hydrophilic surfaces would have alarge 5,y 5 bsequently greater three-phase contact line velocities, was

potential energy barrier to the onset of migration of liquid also observed for more viscous liquids like glycerol. At a gripper

molecules away from the solid surface. Thus, the transfer of : .

C o X retraction rate of 2am/s, complete transfer is seen for the case

liquid from hydrophilic substrates would be characterized by T . -
where the dropletis initially compressed (Figure 2f, experiments

little or no motion of the three-phase contact line during the 4-6 dt | tial t ¢ hen the liquid droplet
period when the meniscus is intact. Therefore, the parameters, ), compared to only partial transfer when the liquid drople

that affect contact line motion fdrydrophobicsurfaces might initially |s.not compressed (Figure 2e, experlmenﬁﬁ% Our
not have any effect on the transfer processfafrophilicsurfaces. ~ hyPothesized two-step model seems to explain the outcomes of
Compression of the liquid droplet results in a larger initial aIIo_urexp_erlments, as well as those cited in the literature, without
contact area on both surfaces, thus resulting in greater adhesiohe inclusion of molecular scale forces such as van der Waals,
of the capillary bridge at each of the two surfaces. Although electrostatic, and hydrophobic/hydrophilic structural forces.
compression results in an advancing contact line on both surfacesHowever, the inclusion of significant amounts of solutes and/or
the large compression velocity L mm/s)imposed onthe gripper ~ particles in the solution, such as proteins and DNA, may change
surface controls the rate of spreading and thus the initial conditionsthis result, due to the interaction of the solutes with the solution
of the geometry of the liquid upon retraction. The advancing and surfaces. These interactions may change\tBg: andU
contact anglef]n) itself is at most a second-order effect in the sin ¢ associated with the transfer process. Surface roughness
transfer of liquids, matching the observation that the advancing affects the transfer process in a similar way. Physical features
angle does not correlate to the extent of transfer. The initial size on solid surfaces are known to trap the three-phase contact line
of the droplet and the retraction rate, however, do correlate |ocally,45-46which would increase thAGgi required to initiate
strongly to the transfer. Retraction of the gripper initiates
movement of the three-phase contact line on the surface with the  45) 4e Gennes, P. ®e. Mod. Phys1985 57, 827-862.
lower difference between receding and static contact angle. The (46) Joanny, J. F.; de Gennes, P.JsChem. Phys1984 81, 552-562.
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Figure 6. Optical micrographs of a two-step transfer printing
sequence to create a patterned array ofiB0droplets (each-30
pLinvolume), starting from a 4-mm droplet4&). Individual dried

out droplets containing fluorescent nanoparticles were visualized
with fluorescence microscopy (inset).

+ Vsina) for the same value of gripper velocity. The maximum
amount of liquid transferred from the gold will be to the surface
with the holelike relief since the three-phase line velodihyc6s

0) is minimal for this surface. Our observations also indicate that
the volume of liquid transferred decreases with a reduction in

Figure 5. Schematic illustrating the proposed two-step transfer Print-head size (parts a and c of Figure 4) and for a pyramidal
mechanism at the three-phase contact line. The blue circles represenielief structure with zero tip width no liquid is transferred (not
the liquid molecules at the contact line between the liquid phase, shown). As expected, the percentage of liquid transferred to the
gas phase, and a solid surface (gray). The contact line position isrelief structures decreases with a decrease in the receding angle
indicated by the black triangle. (a) Step 1, the pull caused by the of the substrate material (Figure 4) and increases with a decrease

retraction of the gripper results in deformation of ligttidapor
meniscus of the liquid bridge, which leads to a change from the
static @) to the recedingflg) contact angle. (b) Deformation of the

liquid—vapor meniscus as shown in (a) reduces the energy barrier

for diffusion of moleculei from the solid surface to the liquid
vapor interface byAGg;. (C) Step 2 with respect to a ground frame
of reference; steady-state motion of the contact line in-thédirection.

(d) Step 2 with respect to a frame of reference attached to the contac

line position; the solietliquid and liquid—vapor interfaces roll at

velocity U with respect to the axes frame attached to the contact line

in initial volume of liquid on the substrate (parts b and d of
Figure 4).

Double Transfer Printing. We demonstrate the use of some
of these parameters in printing a simple pattern of picoliter-sized
droplets on a PDMS surface starting from a much larger droplet,
serving as a reservoir (Figure 6). A dilute aqueous solution of

fluorescent nanoparticles is used as the liquid. We begin with

a large volume of liquid (L) and we use a simple two-step

position. Velocity of liquid molecules atthe solid surface with respect Procedure thatinvolves the transfer of the liquid from a substrate
to a ground frame of reference, as shown in (c), is zero, thereby (gold) to a gripper (silicone A) and then from the silicone A

obeying the no-slip boundary condition.

motion and effectively decrease the contact line velocity once
motion is initiated.

Liquid Transfer Printing Using Patterned Surfaces. The
theory of the dynamics of contact line motion during liquid transfer
also explains the differences in volumes of liquid transferred for
the three different relief features in Figure 3. In the case of the

surface, now serving as a substrate to a new gripper (PDMS).
In each step, the dropletis compressed and the gripper is retracted
at a rate of 2m/s. Intentional poor transfer to silicone A from

the gold substrate results in the transfer of a 10-nL droplet, which
is 500 times smaller than the volume of the initial droplet. In the
second step, poor transfer from silicone A to the PDMS gripper
results in the transfer of droplets, with a diameter of about 50
um, which are~30 pL in volume. These droplets arex610°

shallow hole (Figure 3a), the sidewalls of the feature induce a times smaller than the volume of the original drople(§. We
change in the direction in which the three-phase line moves used the XY stage on which the substrate is mounted to create
(Schematic, Figure 3a). Since the contact line velocity is a function a line of such droplets with a minimum spacing of 100 (Figure

of the local dynamics at the contact line offywe can safely

6). Smaller separation gaps between the location of consecutive

assume that the magnitude of the velocity remains unchanged liquid transfer steps resultin coalescence of neighboring droplets.

Thus, introducing a shallow holelike feature on the PDMS surface

is equivalent to slowing down the three-phase line velocity to
U cos 0 on the ordinary, flat PDMS surface, wheltkis the
contact line velocity on the untextured PDMS surface éiisl
the angle that the walls of the hole make with respect to the

Double Transfer Printing Using Stamps with Relief
Features. The key to minimizing the final droplet size is to
reduce the volume of liquid transferred within each step of the
procedure. In subsequent experiments we used PDMS relief
structures to minimize the volume of liquid picked up in the first

horizontal surface. Therefore, the holelike feature increases thetransfer step. For all the experiments in Figure 7, the first substrate

amount of liquid transferred to the PDMS surface from the gold
substrate, for the same value of gripper velocity. The three-

is gold, from which liquid is transferred onto a PDMS stamp.
The surface of the stamp is either flat (Figure 7a), or has patterned

phase line velocity on the post (Schematic, Figure 3b) and the relief features like pyramids (Figure 7b) or posts (Figure 7c).
truncated pyramid (Schematic, Figure 3c) surfaces would also This stamp is then used to transfer the small liquid volumes to

be equal tdJ, relative to the gripper surface. The velocity relative
to a ground frame of reference wouldWUet V for the post relief
structure andJ + V sin a for the pyramid structure, when

is the gripper retraction velocity ardis the angle the pyramid
walls make with the horizontal plane. Thus, the minimum amount
of liquid transferred from a gold substrate would be to the post
relief structure U + V), followed by the pyramid print-head(

a flat PDMS surface, which serves as the final gripper surface
to which we print. We used 10% glycerol in DI water in these
experiments, since the hygroscopic nature of glycerol slows down
the evaporation rate of the small liquid droplets, and its low
volume percentage does not appreciably alter the transfer
characteristics of the liquid when compared to water. As in
previous experiments, the gripper retraction velocity in both
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Figure 7. Optical micrographs of double transfer experiments using
different PDMS stamp surfaces. For all experiments the liquid used Figure 9. Optical micrographs of the sequence of events in the
is 10% glycerolin deionized water, gold is used as the first substrate, double transfer of a pattern/array of droplets onto a PDMS substrate.
PDMS is used as the final gripper surface, the initial liquid volume The liquid used is 10% glycerol in deionized water, the initial liquid

is 5uL, and the gripper retraction rate is 2&n/s, unless noted  volume is 50uL, and the gripper retraction velocity is 26n/s.
otherwise. The images labeled (1) and (2) represent the initial liquid Scale bars: 30@m. The final pattern printed is an “I”, and the
droplet and the final patterned droplets, respectively. Scale bars:average printed droplet size is 4010 um.

400um. (a) Double transfer using an untextured flat PDMS surface
.
(a) -g -

as a stamp. The average size of the final patterned droplet is 100
+ 5 um. (b) Double transfer using a pyramidal relief structure in
PDMS as a stamp. The print-head size is 268 and the average
size of final patterned droplet is 58 5 um. (c) Double transfer
using a 20Qm post relief in PDMS as a stamp. The size of the final
patterned droplet is 3@ 5 um.
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Figure 8. Final patterned droplet diameter as a function of print- Figure 10. Fluorescent images of droplets obtained via double
head size. For all experiments, the liquid is 10% glycerol in deionized transfer printing onto a PDMS gripper surface using a pyramid relief
water, initial liquid volume is %L, gold is used as the first substrate,  structure of 46-50 um. The initial volume of liquid used is 14L,
PDMS is the final gripper surface to which we print, and gripper gold is used as the first substrate, and the gripper retraction velocity

retraction rate is 2xm/s. is 25um/s. Scale bars: Bm. (a) AlexaFluor 488 hydroxylamine
dye, exposure time 300 ms. (b) AlexaFluor 647 hydroxylamine dye,
transfer steps is 2am/s and the initial volume of liquid is L. exposure time 850 ms. (c) Tetramethylrhodamine biocytin, exposure

; ; . time 500 ms. (d) Fluorescent nanopatrticles, exposure time 900 ms.
The post diameter and the width of the pyramid tip are both 200 () 5 nm colloidal gold conjugate and AlexaFluor 488 labeled

pm. As shown in Figure 7, the final patterned droplet diameter streptavidin, exposure time 1.5 s. (f) Amino-PEG quantum dots,
is smallest for the post feature. exposure time 2.5 s.

The graphs shown in Figure 8 compare the average diameter
of the final patterned droplets for different print-head sizes. As they are printed in the pattern of the letter “I”. Transferring a
expected, the droplet diameter decreases with print-head sizeyije-area pattern of liquid droplets with high fidelity requires
Our observations also indicate that scaling down of droplet sizes y,; the droplets be centered on the patterned relief structures at

Is easier if.We usea post-shapeq relief fe'ature on PD.MS inSte.adthe end of the first transfer step. Thus, the print-head surface
ofa pyram|d-shape_d feature. An Increase in the retraction velocity must be parallel with the surface of the liquid on the first substrate.
from 25 to 50um/s increases the diameter of the final patterned A minimum pitch length between neighboring relief structures

?rfgf Vlfet br{) agsaevﬁéfeggozgﬂ 're-rhu?rggli)bnlg_:ga_‘gifeeégﬁgzn'(?:gen is needed to preventthe transferred droplet from bridging between
brop q P $hese two structures. The print-head surface mustalso be parallel

between the size of the final pattern and the print-head size.t the t t PDMS surf : tal . i the si f
Actually, we can print droplets that are significantly smaller in 0 the large surface to get a low variance in the size o
the patterned droplets.

diameter than the width of the tip, for exampley® droplets
were printed using pyramids with a %@n tip. This eliminates The images in Figure 10 demonstrate the flexibility of the
the requirement for lithographically patterned stamps to have double transfer procedure in the printing of small volumes of
features that are of a size equal to or smaller than the featureddifferent types of inks onto a PDMS substrate. The droplets were
one wishes to print. transferred using different pyramidal relief structures that were
In Figure 9, we demonstrate the pick-up and transfer of an 40—50um in tip width. The final volume of liquid transferred
array of droplets using the double transfer procedure. The final to the PDMS surface is of the order of 70 fL, which is 8 orders
printed droplets have an average diameter ofA00 um, and of magnitude smaller than the original volume of liquid used (10
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ulL). Fluorescence microscopy was used to enable visualizationof 70 fL is 1.5x 108 times smaller than the volume of the initial

of these small droplets, on the order oftBh each. droplet (~10uL). Subsequent work will focus on describing the
) flow field within a liquid bridge, by solving the nondimensional
Conclusion Navier—Stokes equation and the accompanying dimensionless

We have identified a set of critical parameters that determine boundary conditions that describe three-phase line motion at
the extent of transfer of liquid from one surface to another in each solid surface. The analysis will yield the nondimensional
situations where gravity does not play a significant role, and we numbers that characterize the liquid transfer process and a
compared our results with related reports published in literature. maximum value for the gripper retraction velocity that will still
On the basis of our experimental observations, we have outlinedpermit complete transfer.

a two-step mechanism to explain the transfer process, which is
in qualitative agreement with all our experimental observations

as well as those reported in literature. We also used this modelforhiS help ingrowing the nitride films. This workwas performed

to explain transfer to and from stamps with relief structuresand . . . , . . -
demonstrated the use of some of the identified key parametersWIthln Nano-CEMMS; UIUC's Nano-Science and Engineering

to create features with a reproducible lateral size @frb(~70 Center (NSEC), supported by the National Science Foundation

fL volume), from an initial drop size of 5 mm<(10uL volume), under Award No. DMI-0328162.
utilizing atwo-step liquid transfer procedure. The resulting droplet LA063266D
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